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oxide. The domains mostly possess a hexagonal shape with edges parallel
to zigzag directions [93]. (b) Histogram of rotational angles (θ or twist
angles) of BLG domains in our CVD graphene sample determined by G
and 2D Raman features. A total of 81 BLG domains were measured for
the histogram. (c − e) Representative Raman spectra and optical images of BLG domains with small, intermediate (near the critical angle (θc )
where G peak intensity is resonantly enhanced), and large θ. The larger
hexagonal ﬁrst (top) layer domains are delineated by black dashed lines,
and the smaller hexagonal second (bottom) layer domains are highlighted
by black solid lines for clarity. All Raman measurements were performed
at room temperature using a 532 nm laser excitation. The scale bars in
optical images of tBLG domains with θ of around 1.2◦ , 14◦ and 29◦ are 2,
3 and 5 µm, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.2

Histogram of θ of our BLG samples determined by the relative orientations between the edges of top and bottom graphene layers. Examples are
presented in the insets of Fig. 3.1(c − e). This histogram and the one
shown in Fig. 3.1(b) are based on diﬀerent characterization methods on
the same 81 BLG domains. More than 80 % of grains measured are tBLG
and only 10 − 20 % are Bernal-stacked BLG (see Appendix A). . . . . . . 47
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3.3

(a) AFM image of a bilayer domain on Si substrate with a ∼ 285 nmthick thermal oxide. The second (bottom) layer exhibits a weaker color
contrast compared to the ﬁrst (top) layer. The bright spots are impurities
or residues due to the transfer process. (b) Height proﬁle measured along
the dashed green line in (a), showing the height of the ﬁrst graphene layer
with respect to the substrate surface. (c) Height proﬁle measured along
the dashed blue line in (a), showing the height of the second graphene
layer with respect to the ﬁrst layer. . . . . . . . . . . . . . . . . . . . . . . 49

3.4

Raman spectra from tBLG domains with various θ. A spectrum from SLG
is included for comparison. The vertical scale is the same before and after
the break on the horizontal axis. We deﬁne the low-energy background
intensity to be the height intensity of the envelope (at 70 cm-1 ) on which
the low-energy Raman peaks superimpose (shown by the black vertical
arrow for the spectrum with θ ∼ 12◦ ). The left inset displays a zoomed-in
low-energy spectrum. The right inset displays the same spectrum after
subtraction of the background envelope highlighted by the dashed line
shown in the left inset. The spectrum is decomposed into up to four
Lorentzian peaks. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.5

(a) and (b) Original and background-subtracted low-frequency Raman
spectra from six diﬀerent bilayer domains with θ in the vicinity of θc .
Full spectra including the R, G and 2D bands are depicted in Appendix
C. Based upon the R peak position, we determine that the θ varies from
∼ 11◦ to ∼ 14◦ . In (b), the gray vertical bars highlight X and ZO’L modes.
The squares and asterisks mark ZA and ZO’H modes, respectively. All
spectra are measured by a 532 nm laser excitation. . . . . . . . . . . . . . 52

3.6

(a), (b) and (c) Frequency, full-width-at-half-maximum (fwhm), and integrated intensity of the ZO’L mode versus normalized I2D , respectively.
The normalized I2D is deﬁned as the ratio of the integrated 2D intensity
of each bilayer domain to that of a single layer. The data are measured
from a series of tBLG domains with twist angle θ ranging from ∼ 10◦ to
∼ 15◦ , which corresponds to normalized I2D ranging from 1.1 − 2.2. (d)
and (e) Background intensity at 70 cm-1 (see Fig. 3.4 and its caption)
and integrated intensity of the G peak as a function of the normalized I2D ,
respectively. The horizontal lines in these two panels show the respective
values of a single layer. The thick curves in each panel are guides to the
eye. All results are obtained using a 532 nm laser excitation. . . . . . . . . 54

3.7

Peak frequency and fwhm of the ZO’L mode as a function of the R mode
frequency. The thick curves in each panel are guides to the eye. . . . . . . 55

xvii
Figure

Page

3.8

(a) The ﬁrst Brillouin zone in the electronic band structure of tBLG with
twist angle θ. Ka and K’a are two adjacent Dirac points of the ﬁrst
graphene layer. Kb and
√ K’b are the two adjacent Dirac points of the
second layer. q = (8π/ 3a) sin(θ/2) is the wavevector of the tBLG su˚ q’ = (8π/3a) sin(θ/2) is
perlattice (moiré pattern), where a is 2.46 A.
the separation between Ka and Kb . (b) Schematic drawings of motions of
atoms in the layer breathing (ZO’) and torsion (X ) modes. (c), (d), and
(e) Schematic drawings of Raman processes of ZO’L phonon when θ is less,
equal to, or greater than the θc , respectively. hω
¯ in is the incident photon
energy. hω
¯ out is the scattered photon energy. hω
¯ ZO’L is the phonon energy.
The dashed arrows show the scattering of electrons by the tBLG crystal
lattice. This scattering is elastic and is characterized by the wavevector
q’. kZO’L is the wavevector of the ZO’L phonon. The portions of the two
Dirac cones (at Dirac points Ka and Kb ) that overlap are shown in blue. . 57

3.9

Low-frequency phonon dispersion (for more information see Refs. [54,134,
141]). Diﬀerent phonon branches (e.g., Transverse and longitudinal acoustic (TA and LA), out-of-plane acoustic (ZA) and layer breathing (ZO’)
branches) are labeled. Date points determined by a 532 nm laser excitation are plotted in green, and those determined from a 633 nm laser
excitation are plotted in red. . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.1

(a) An optical image of an electrochemically top-gated monolayer graphene
(SLG) and twisted bilayer graphene (tBLG) device before applying ion gel
electrolyte. The sample consists of a SLG (upper part) and a tBLG (lower
part), which exhibit diﬀerent optical contrast. The boundary between the
SLG and tBLG is delimited by a dashed white line. The scale bar is 5
µm long. (b) Schematic of device conﬁguration (for the case with negative
electrolyte top-gate voltage, V TG ) together with electrical connections used
in our Raman measurements. . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.2

Field eﬀect characteristics (2D resistivity vs gate voltage) of the SLG and
tBLG devices through (a) SiO2 /Si back-gate (before applying ion gel dielectrics) and (b) ion gel top-gate dielectrics. The charge neutrality point
(CNP) voltage (V D ) of the SLG and tBLG measured by the Si back-gate is
about 6 and 4 V (slightly p-doped), respectively. The V D of both devices
is close to 0 V when using the electrolyte top-gate. We ﬁnd that hysteresis
could cause a shift in V D on the order of ∼ 0.4 V. The gate voltage sweep
direction is from negative to positive. . . . . . . . . . . . . . . . . . . . . . 71
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4.3

Comparison of Raman spectra of the tBLG and SLG at several representative V TG . Spectra are normalized to the height intensity of the 520 cm-1
Si Raman line and are shifted vertically for clarity. Measurements were
conducted at room temperature using a 532 nm laser excitation. The V D of
the tBLG and SLG is ∼ 0.5 V and ∼ 0.6 V, respectively, as measured from
the minimum of G band frequency (see Fig. 4.5(a)). The sample is electron (n)-doped for V TG > V D , whereas it is hole (p)-doped for V TG < V D .
The vertical scale is the same before and after the break on the horizontal
axis. The upper right inset plots the ratios of the integrated intensities of
the G and 2D peaks (AG /A2D ) as a function of V TG from both the SLG
and tBLG. The SLG data in the inset is enlarged by a scale factor of 10
for clarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.4

(a) Evolution of the normalized Raman spectrum in the region of the G
band in the tBLG as a function of V TG (in p-doping regime). (b) Same as
in (a) for n-doping regime. The black curves depict the Raman spectrum
taken at V D ∼ 0.5 V. The doublet G bands are denoted as GL and GU
peaks, where the subscripts L and U represent the lower (bottom) and
upper (top) graphene layer, respectively, in the tBLG. Spectra are shifted
vertically for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5

Evolution of the frequency (ω G ), fwhm (ΓG ), and integrated intensity (AG )
of the GL and GU peaks as a function of V TG . The solid blue squares
represent the G peaks that exhibit single Lorentzian lineshape (no splitting).77

4.6

Carrier densities (doping) calculated either from Raman G peak position
assuming SLG behavior, or from gate capacitance. The total density of
the tBLG (nU + nL ) is in good agreement with that of SLG (nSLG ). The
induced carrier density in SLG estimated from the gate and quantum
capacitances (nTG , Appendix eq. D.2) is plotted for comparison. The
inset shows the evolution of the GL and GU fwhms as a function of the
eﬀective Fermi energy (E F ωG ) of each individual layer. . . . . . . . . . . . 80
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4.7

(a) Schematic energy band diagram of a pristine tBLG. Signiﬁcant interband transitions (solid green arrow) are indicated, which give rise to
strong resonance enhancement on the Raman G band. (b) Same as in (a)
for n-doped situation, assuming the two layers are in equilibrium (same
chemical potential indicated by E F ). Electric-ﬁeld screening yields an interlayer potential oﬀset (Δφ) between the layers, hence a higher charge
carrier density in the upper layer (|nU | > |nL |). The dashed green arrow
depicts interband direct transitions which are diminished due to the shift
of the two Dirac cones, leading to the intensity quenching of the G bands.
(c) Same as in (b) for p-doped situation. (d) Same as in (b). A tBLG
is under a positive top-gate bias, showing relevant electrical energies for
determining the interlayer static capacitance of graphene. . . . . . . . . . . 83

4.8

Interlayer potential energy diﬀerence, eΔφ = E F (nU ) − E F (nL ), between
the upper and lower graphene layers as a function of carrier density of
the lower layer (nL ) in the tBLG device. The Fermi energies measured
from the charge neutrality point (CNP) of the upper and lower layers are
represented with E F (nU ) and E F (nL ), respectively. nL is positive (negative) for n-doping (p-doping). The linear ﬁts (solid blue lines) to the data
points away from the CNP (> 1011 cm-2 ) give the eﬀective interlayer static
capacitance per unit area, C tBLG = enL /Δφ, of the gated tBLG. . . . . . . 85

4.9

(a) and (b) Peak position (ω 2D , ω R ) and fwhm (Γ2D , ΓR ) of 2D (left panel)
and R (right panel) Raman bands as a function of V TG . The inset in
(b) illustrates the ﬁrst Brillouin zones of the upper and lower graphene
layers rotated from each other by a twist angle of ∼ 13◦ . The R phonon
wavevector (q R ) is labeled. . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.1

(a − f) Schematics of our technique for assembling twisted bilayer graphene
(tBLG) encapsulated in hexagonal boron nitride (h-BN), with a controlled
twist angle θ between the two monolayers (broken from the same piece of
graphene single crystal). The inset below (f) shows the moiré superlattice
of tBLG with a lattice constant λm . Cartoons of (g) tBLG band structure,
showing Dirac cones at K valley of the upper and lower layers with a ﬁnite
momentum separation, and of (h) its density of states (DOS). The hybridization between the two graphene layers yields van Hove singularities
(vHss) and superlattice-induced mini-gaps (SMGs). The vHss and SMGs
are situated away from the charge neutrality point (CNP) and the main
Dirac point (DP) of each Dirac cone. . . . . . . . . . . . . . . . . . . . . . 95
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5.2

Raman spectra of tBLG samples with θ of 1.4◦ , 2◦ and 5◦ . Data were
measured with (a) 638 nm laser excitation and (b) 532 nm laser excitation
before thermal annealing. (c) Comparison of the Raman spectrum of
Sample A (θ ∼ 2◦ ) taken after thermal annealing. Spectra are individually
normalized to the intensity of their respective G peak and are shifted
vertically for clarity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

5.3

(a) Optical image of two h-BN encapsulated tBLG devices. The scale bar
is 5 µm. (b) Cross-section drawing of our device structure. The device has
both (metal) top and (Si) back gates. Currents pass through the device
through edge-contacted leads. . . . . . . . . . . . . . . . . . . . . . . . . . 97

5.4

(a) Longitudinal resistance (Rxx ) (color scale) as a function of top-gate
voltage (V TG ) and back-gate voltage (V BG ) for tBLG Device A with θ ∼ 2◦
measured at zero magnetic ﬁeld (B = 0 T) and temperature (T ) of 1.6
K. There are two dashed arrows indicating axes of n and D (average
displacement ﬁeld applied normal to the graphene layers; see also the
deﬁnition in section 5.3). Along the n-axis, D = 0 (aligned Dirac cones
in the two layers), while n = 0 (total charge neutrality) along the D-axis.
The inset shows Rxx extracted along n = 0 (along the central blue stripe
in the main panel) versus D/ε◦ . (b) Rxx (in log-scale) and Hall resistance
(Rxy ) of Device A measured as functions of n along the dashed line in (a)
by tuning V TG and V BG simultaneously at B = 1 T and T = 1.6 K. Sign
reversal in the Rxy at CNP, vHss and SMGs indicates a change in charge
carrier type (electron to hole or vice versa). The shallow resistance peak
in Rxx related to vHs, where Rxy also crosses zero. . . . . . . . . . . . . . . 99

5.5

(a) Rxx (at B = 0 T) of Device A as a function of n along the dashed line
in 5.4(a) at various T , showing the insulating behavior around n = ns =
± 9.9 × 1012 cm-2 , from which the twist angle θ is estimated. (b) Arrhenius
plot of the conductance (Gxx = 1/Rxx ) extracted at ± ns for the SMGs.
The solid lines are ﬁts to eq. 5.4. The activation gap (Δ) extracted is ∼ 65
meV and ∼ 45 meV for the electron- and hole-side mini-gaps, respectively. 101

5.6

(a) T -dependence of resistivity (ρxx ) for n from 2.2 to 7.2 ×1012 cm-2 , in
the range marked by the dashed line rectangle in 5.5(a), exhibiting metallic
behavior (dρxx /dT > 0). The T -dependence below 150 K can be ﬁtted to
Δρ(n, T ) = ρ(n, T )−ρ◦ (n) = αT β , ascribed to acoustic phonon scattering.
Representative ﬁts to the equation at T < 160 K (without accounting high
energy phonons) for n = 4.7×1012 cm-2 (b) and for n = 7.2×1012 cm-2 (c).
The ﬁts (solid lines) yield T -exponent β = (1.03 ± 0.04) and (1.56 ± 0.04)
for n = 4.7 × 1012 cm-2 and 7.2 × 1012 cm-2 , respectively. (d) Fitted (β) as
a function of n for Devices A (θ ∼ 2◦ ) and D (θ ∼ 5◦ ). . . . . . . . . . . . 103
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5.7

T -dependent ﬁeld eﬀect, T -dependent ρxx at various n and representative
T -ﬁt for Device D (θ ∼ 5◦ ). (a) Field eﬀect measurement at diﬀerent T .
T -dependence of ρxx (b) for n = 1.5 × 1012 to 5 × 1012 cm-2 (e-doped), and
(c) for n = 1.3 to 5 ×1012 cm-2 (p-doped). Data are extracted from the
curves in (a). A representative ﬁt for n = 6.1 × 1012 cm-2 is presented in
(d). The solid line is a ﬁt to Δρxx = αT β at T < 150 K, giving β = 1.31 ±
0.07. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.8

Longitudinal resistance (Rxx ) (color scale) as a function of V TG and V BG
for Device A, measured at B = 6 T and T = 1.6 K. For carrier density
n between the two vHss, we observe crossing of two sets of Landau levels
(LL) when the layer degeneracy is broken by applying D. In contrast, only
one set of LLs (manifested as lines parallel to the D-axis) are observed for
n beyond those of the vHs in the electron- or hole-side of CNP. . . . . . 107

5.9

(a) Zoomed-in color scale plot of the Rxx (from the region bounded by thick
blue solid lines in Fig. 5.8, between the vHs and SMG in the electron-side
of CNP) as a function of D/ε◦ and ﬁlling factor (νe ) for Device A, showing
developing quantum Hall (QH) states (occurring in steps of 4 in νe ). The
inset shows the assigned LL index (N ) and corresponding Shubnikov-de
Haas (SdH) oscillation in ΔRxx (Rxx with background subtracted) versus
1/B, taken at ﬁxed gate voltages (marked by the green open square in
both Figs. 5.8 and 5.9(a) with D/ε◦ ∼ −0.4 V/nm and n = −3.2 × 1012
cm-2 . The solid line is a linear ﬁt with N axis intercept −0.07 ± 0.05,
indicating zero Berry phase (dissimilar to monolayer graphene). (b) Rxx
and Rxy versus n at D/ε◦ = −0.51 V/nm, measured along the orange
dashed line in (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.10 (a) Close-ups of the Rxx (color scale) between the two vHss in Fig. 5.8
as a function of D/ε◦ and ν for Device A, measured at 6 T and 1.6 K.
(b) Schematic (adapted from ref. [166]) of expected QH states (regions in
black) with corresponding ﬁlling factor combination (ν = ν L + ν U ) in the
measured range in (a). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
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5.11 (a) Rxx and Rxy at D = 0, measured along the orange dashed line in Fig.
5.10(a), as functions of n for Device A. The associated with the minima
in Rxx are ±4, ±12, ±20 and ±28 (indicating 8-fold degenerate LL). (b)
Rxx and Rxy as functions of B measured at D = 0 and n = 2.4 × 1012
cm-2 , showing SdH oscillations from two decoupled graphene monolayers
with the same carrier density (n/2). The inset displays the assigned LL
index (N ) plotted against 1/B. The solid line is a linear ﬁt with N axis
intercept −0.49 ± 0.02, which indicates π Berry phase for massless Dirac
fermions. (c) Rxx and Rxy versus B measured at D/ε◦ = −1.2 V/nm
and n = 3.7 × 1012 cm-2 . Here the oscillations arise from two decoupled
monolayers, where the layer degeneracy in the LLs (and layer density) has
been lifted by D 6= 0. The inset shows the magnitude of Fourier transform
of Rxx (1/B). The two peaks at 8.4 T and 30 T correspond to the two
diﬀerent layer densities nU and nL , respectively. . . . . . . . . . . . . . . 111
5.12 Temperature dependence of the SdH oscillation ΔRxx (with background
subtracted) at n = 1.4 × 1012 cm-2 and D = 0 for Device A. The inset
presents the temperature dependence of the normalized amplitude of ΔRxx
for the oscillation at 5 T (ν = 6 + 6 QH state). The solid line is a
ﬁt to the Lifshifz-Kosevich formula, yielding the electron eﬀective mass
(m∗ ∼ 0.029me ) and Fermi velocity (v F ∼ 0.58 × 106 ms-1 ). . . . . . . . . 113
5.13 (a) Rxx (color scale) as a function of V TG and V BG for Device A, measured
at B = 6 T and T = 1.6 K (same as Fig. 5.8). We add several blue dotted
lines (parallel to those corresponding to CNP, vHs, and SMG) to indicate
the QH states with D = 0 and ν = 8(N + 12 ), where the degeneracy
factor 8 (2-layer, 2-spin and 2-valley), and LL index (N ) = 0, ±1, ±2, . . ..
(b) Zoomed-in color scale plot of the Rxx (same as in Fig. 5.10(a)) as a
function of D/ε◦ and ν at 6 T and 1.6 K, showing the crossing of Landau
levels (LLs). White dots indicate the LL crossings where the interlayer
capacitance (C GG ) and interlayer dielectric constant (εGG ) are extracted.
Red and blue dashed lines, as guides to the eye, denote the LL index of
the upper (N U ) and lower (N L ) graphene layers. . . . . . . . . . . . . . . 115
6.1

Ultraviolet/visible (UV-Vis) absorption spectrum of CdSe QDs dispersed
in hexane solution. Inset shows orange color emission from the QDs under
UV illumination, which qualitatively agrees with the band edge absorption
peak at ∼ 590 nm in the spectrum. . . . . . . . . . . . . . . . . . . . . . 121
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6.2

Characterizations of CdSe quantum dots (QDs), CVD graphene-QD hybrids, and CVD graphene ﬁlm and schematic of a hybrid phototransistor
device. (a) Low-resolution transmission electron microscopy image of the
CdSe QDs dispersed on a Cu grid with holey carbon ﬁlm. (a) Ultraviolet/visible (UV-Vis) transmission spectra of graphene ﬁlm, CdSe QD
ﬁlm, and graphene-CdSe QD hybrid ﬁlm on a quartz substrate. The QDs
consist of 5 coated layers. (c) Micro-Raman spectrum of a graphene ﬁlm
(G and 2D Raman peaks) decorated with a thin layer of CdSe QDs (LO
and 2LO Raman peaks) on a Si substrate. (d) Schematic of a hybrid
CVD graphene-QD ﬁeld-eﬀect transistor (GQFET) device. The SiO2 /Si
substrate used in (c, d) is a highly p-doped Si wafer with 300 nm SiO2
overlayer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

6.3

Charge (electron) transfer characteristics from QDs to graphene as studied by ﬁeld-eﬀect (FE) measurements. The FE curves showing sheet
resistance (2D resistivity) Rs as a function of back-gate voltage V g for
GQFETs that were fabricated using QDs passivated by EDT ligands in
several conditions : before QD deposition, after QD deposition, and after
thermal annealing (at ∼ 10−4 Torr, 380 K for ∼ 60 minutes). The shift in
charge neutrality point (CNP) voltage measures the amount of electron
charge transfer (Δn) from QDs to graphene. All FE measurements were
performed in dark, vacuum and at ∼300 K. (c − d) Schematic energy level
diagrams near the interface of CdSe QD and graphene. The energy barrier
arising from the ligand hinders charge transfer. Two possible mechanisms
for electrons to transfer from QD to graphene, by (1) tunneling and (2)
thermionic emission, are depicted in (c). Before thermal annealing, the
Fermi level (E F ) of the hybrid (graphene and QDs) is not in equilibrium.

6.4

124

Charge (electron) transfer characteristics from OA capped QDs to graphene
as studied by FE measurements. The FE curves were measured in several
conditions: before QD deposition, after QD deposition, and after thermal
annealing (at ∼ 10−4 Torr and 380 K for ∼60 minutes). The measurements
were done with EDT-GQFET. . . . . . . . . . . . . . . . . . . . . . . . . 126
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Photo-induced charge transfer of GQFETs (with EDT ligand) as studied
by FE measurements. (a) Typical photogating eﬀect of a GQFET upon
irradiation by 532 nm laser at various incident powers. The FE curves
measured before and after irradiation are also presented as references. (b)
Electron charge transfer (Δn, extracted from the shift of CNP voltage in
panel a (532 nm laser) and Fig. 2.6 (638 nm laser)) as a function of incident
power (P ) of laser irradiation. The amount of persistent photodoping after
switching oﬀ 532 nm and 638 nm lasers (at the highest power shown) are
denoted by green and red color bands (whose widths are due to variation
from the multiple devices measured), respectively. . . . . . . . . . . . . . 129

6.6

Photo-induced charge transfer of GQFETs (with EDT ligand) as studied
by FE measurement using 638 nm laser. The FE curves measured before
and after irradiation (dashed line) are also presented as references. . . . . 130

6.7

Photoelectrical responses in reference devices under 532 nm and 638 nm illumination (∼ 500µW). The relative change in sheet resistance, ΔRs /Rs =
(Rlight − Rdark )/Rdark ; Rlight and Rdark indicate sheet resistance in the respective absence and presence of illumination. The small irreversible response may ascribe to desorption of volatile molecules on graphene by illumination. (a) Bare CVD graphene FET. (b) CVD graphene FET treated
with process solvents (involving all solvents except QD solution). (c) The
FE curves of devices shown in (a) and (b). Measurement were performed
in the vacuum of 10−4 Torr at ∼ 300 K. . . . . . . . . . . . . . . . . . . . 131

6.8

dark
s
(a) The percentage change in sheet conductance, ΔG
= light
, at
G◦
Gdark
various V g irradiated periodically (10 s) with a 532 nm laser at P ∼ 40 µW.
Positive and negative photoconductivity (PPC and NPC) are observed for
V g > -20 V and V g < -20 V, respectively. Yellow shaded bands indicate the time intervals of illumination. (b) Transient photoconductance
(Gphoto ) and persistent photoconductance (Gpersistent ), as pictorially deﬁned in the inset, extracted from (a) at diﬀerent V g . (c) Schematic energy
level diagram at the graphene-CdSe QDs interface showing the photoinduced electron transfer process (now with increased quasi-Fermi level of
electrons, EFN ) for a p-doped graphene (V g < V DP ). Photo-excited electron transfer (by either thermionic or photon-assisted tunneling process,
symbolically indicated by the arrow “1”) n-dopes the graphene. (d) Same
as in (c) after turning oﬀ illumination. The energy barrier at interface
impedes the back electron transfer (arrow “2”). . . . . . . . . . . . . . . 133
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Persistent photoconductance at two ﬁxed V g with diﬀerent illumination
durations. Representative photoresponses of the GQFET for (a) t = 5
minutes at V g ∼ 0 V, and (b) t = 30 minutes at V g ∼ -55 V. The green
shaded bands denote laser illumination (532 nm, P ∼ 42µW). (c) The
Gpersistent (open symbols) and Gphoto (solid symbols) of the GQFET (extracted from several illumination durations at two ﬁxed V g ) versus illumination duration t. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

6.10 Representative FE curves at diﬀerent stages of the measurement illustrate photo-induced electron transfer (performed using a 532 nm laser
with P ∼ 42 µW), persistent photoconductivity eﬀect, and back electron
transfer after illumination and thermal annealing. (b) Rs of the device
and temperature recorded as functions of time at ﬁxed V g = -45 V in a
separate measurement with similar procedures in (a). Thermal annealing
(duration marked by the shaded band in b) was performed in dark and
vacuum. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
A.1 Twist angle dependence of G and 2D Raman features from a total of 81
bilayer domains prepared by CVD method. (a) Integrated intensity of the
G band (normalized to the value of monolayer, SLG). (b) fwhm of the G
band. (c) Integrated intensity of the 2D band (normalized to the SLG
value). (d) fwhm of the 2D band. (e) 2D band position (blueshift with
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below eq. J.1), respectively. . . . . . . . . . . . . . . . . . . . . . . . . . 179
J.2 Same as Fig. J.1, but in the situation that metal and graphene have
diﬀerent work functions (Φm 6= Φg ) and n0 = 0. (a) Before contact. (b)
Equilibrium (Vb = 0). In this particular instance,
pΔV1,mg = ΔV1 (nmg ) =
nmg e/Cb and ΔV2,mg = ΔV2 (nmg ) = sgn(nmg )h̄νF |nmg |π/e, andΔV1,mg +
ΔV2,mg = (Φm − Φg )/e). nmg is the induced charge carrier density in
graphene because of the diﬀerence of metal-graphene work functions. With
contact and (c) Vb = ΔV3 < VDirac and (d) Vb = VDirac = ΔV1,mg +
ΔV2,mg = (Φm − Φg )/e. Since we assume no interfacial (extrinsic) charges,
graphene is neutral and there is no electric ﬁeld inside the insulator in this
ﬂat band condition. The green, purple and orange vertical bars correspond
to eΔV1,mg , eΔV2,mg , and eΔV3 , respectively. . . . . . . . . . . . . . . . . 180
J.3 Same as Fig. J.2, in additional to diﬀerent work functions, graphene
is p-doped by extrinsic ﬁxed charges (with carrier density of n0 , which
is negative for p-doping for the example drawn). (a) Before contact.
With contact and (b) in equilibrium (Vb√= 0) and ΔV1,mg p
= ΔV1 (nmg ) =
nmg e/Cp
and
ΔV
(n
)
=
hν
¯
π(sgn(n
+
n
)
|nmg + n0 | −
=
ΔV
b
2,mg
2
mg
F
mg
0
sgn(n0 ) |n0 |)/e. With contact and (c) Vb = ΔV1,mg + ΔV2,mg = (Φm −
Φg )/e (under the ﬂat band condition, the electric ﬁeld inside the insulator
is zero) and (d) Vb = VDirac = (Φm − Φg )/e + ΔVp
0 + Ef g (−n0 )/e, where
ΔV0 = −n0 e/Cb and Ef g (−n0 ) = sgn(−n0 )h̄νF |n0 |π. Note that the
(net) potential change across the dielectric is ΔV0 + ΔV1 (n = nmg ), which
is oﬀset by the ﬁxed charges. The green and purple and orange vertical
bars correspond to eΔV1,mg , eΔV2,mg , and Ef g (n0 ), respectively. The pink
vertical bar in (d) correspond to eΔV0 . . . . . . . . . . . . . . . . . . . . 181

xxx
Figure

Page
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ABSTRACT
Chung, Ting-Fung Ph.D., Purdue University, May 2018. Investigations of The Electrical, Vibrational and Optical Properties of Graphene-Based Materials.
Major
Professor: Yong P. Chen.
Graphene and its hybrids have stimulated signiﬁcant scientiﬁc interest owing to
their unique properties and technological importance. In this dissertation, we investigate the vibrational, electrical, and optical properties of these remarkable lowdimensional materials by multiple methods including optical measurements (Raman
spectroscopy and photoelectrical measurements) and electrical transport measurements (such as the temperature and magnetic ﬁeld dependence studies). The materials studied have been synthesized or fabricated by methods including chemical vapor
deposition (CVD) as well as mechanical exfoliation and transfer.
Twisted bilayer graphene (tBLG) exhibits distinct physical properties compared
to monolayer and Bernal-stacked bilayer graphene counterparts. In particular, the
electronic structures of tBLG depend sensitively on both the interlayer coupling and
the twist angle (θ) between the two graphene layers, creating low-energy van Hove
singularities (vHss) in the density of states at the intersection of the two Dirac cones
that are separated by a ﬁnite wavevector in tBLG. We have studied the interlayer
coupling by measuring the low-energy Raman modes of tBLG over a wide range
of θ (from 5◦ to 30◦ ) using Raman spectroscopy. We ﬁnd two new Raman modes
below 100 cm-1 , which are assigned to a fundamental layer breathing mode and a
torsion mode (tentative assignment), in a small range of θ (∼ 10.5◦ and ∼ 12.5◦ for
633 nm and 532 nm laser excitation, respectively) at which the intensity of the G
Raman band is strongly enhanced due to the presence of vHss. Our results reveal the
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unique interlayer coupling in tBLG and the similar resonance enhancement of such
low-energy Raman modes as in the G Raman band.
The close relation between vHs and resonantly enhanced Raman modes in tBLG
motivates us to investigate the inﬂuence of electrical doping on the electronic and
vibrational properties of tBLG. In particular, we have studied by means of Raman
spectroscopy the eﬀect of transverse electric ﬁeld and doping on the resonantly enhanced G Raman band in tBLG at θ ∼ 12.5◦ (measured with a 532 nm laser). We
observe a striking splitting of the G band and strong modulation of the Raman intensities when the carrier density is tuned away from the charge neutrality point or
Dirac point (CNP or DP). We have also examined the electron-phonon coupling in
the tBLG, where we ﬁnd individual phonon self-energy renormalization of the upper
and lower graphene layers.
TBLG at small-θ is predicted to undergo dramatic modiﬁcation of the electronic
band structure near DP due to the interlayer hybridization and superlattice potential, yielding distinctive transport features related to vHss and superlattice-induced
mini-gaps (SMGs) located slightly away from the main DP. We have examined the
eﬀect of acoustic phonon scattering on electron transport at various carrier densities
through temperature-dependent measurements. We ﬁnd that the resistivity acquired
at carrier densities between the CNP and SMG follows a power-law dependence on the
temperature, ∼ T β . The evolution of the temperature exponent β with carrier density
shows a W-shaped dependence, with minima near the vHss and maxima toward the
SMGs. We have also performed transport study at high magnetic ﬁelds on small-θ
tBLG, with particular emphasis on the quantum Hall eﬀect and quantum oscillations
near the CNP and SMG. We observe Landau level crossings in the massless Dirac
spectrum emanating from the main DP but not in the parabolic energy band near the
SMGs. This stark diﬀerence is further sustained by the observation of π to 2π Berry
phase transition in quantum oscillations when tuning the Fermi level across the vHs
(situated between the CNP and SMG).
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Graphene-semiconductor (such as quantum dots (QDs)) hybrids are of great interest in harnessing novel photoelectrical and optoelectronic properties. Such hybrids
exploit the high carrier mobility of graphene and superior optical properties of QDs.
We have studied hybrid phototransistors comprising of CVD graphene and cadmium
selenide (CdSe) QDs (named GQFETs), and observed both ambipolar (negative and
positive) photoconductivity and persistent photoconductivity at room temperature.
We have also demonstrated a suppression of the persistent photoconductivity eﬀect
by thermal treatment, which is useful in recovering the functionality of the GQFETs.

1

1. INTRODUCTION
Graphene, a two-dimensional atomic crystal, possesses distinctive electronic [1, 2],
thermal [3] and optical properties [4, 5], and robust mechanical strength [6]. This
material shows vast potential for novel applications [5, 7, 8]. In this chapter, I will
brieﬂy review the history of graphene research. I will then introduce some electronic
and vibrational properties of (monolayer) graphene as well as twisted bilayer graphene
(tBLG) that I have studied in diﬀerent experiments.

1.1

A Brief History of Graphene
Pioneer studies of graphene can be traced back to more than half a century ago.

Philip Wallace in 1947 published his work [9] on calculating the electronic energy band
structure of graphene and showing its linear dispersion relation near the K and K’
points of the Brillouin zone (BZ). Later there were a few theoretical studies concerning
the quantum Hall eﬀect (QHE) and massless Dirac fermions in graphene [10, 11]. On
the other hand, earlier attempts to isolate graphene centered on chemical exfoliation
and intercalation [12, 13]. Free-standing ultrathin graphite sheets in solutions were
produced and investigated using a transmission electron microscope (TEM) [14, 15].
There were also a few attempts to grow graphite ﬁlm on metal substrates [16–18].
However, these graphitic samples have enticed little attention because of its uncontrollable character, thick layers, and tiny size.
Systematic investigations into the physical properties of graphene began after
2000. Walt de Heer and his collaborators at Georgia Institute of Technology obtained epitaxial graphene from silicon carbide (SiC) substrates by thermal decomposition [19]. Philip Kim and his collaborators at Columbia University cleaved thin
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graphite ﬂakes from graphite crystal using an atomic force microscope (AFM) [20]. In
2004, Andre Geim and Konstantin Novoselov and their collaborators at the University of Manchester published a paper of isolation of very thin graphene ﬂakes (fewlayer graphene) by micromechanical cleavage (also called the Scotch tape method)
from bulk graphite [21]. This extremely simple method facilitated the breakthrough
in graphene research in 2005. The Manchester group and Columbia group reported
unambiguously the two-dimensional massless Dirac fermions in graphene in two backto-back papers published in Nature [22, 23]. The development of graphene research
was rapid and exciting, certainly due to the relatively mature research on carbon
nanotubes for several decades [24, 25]. The experiments on graphene had not only
conﬁrmed numerous theoretical predictions on its distinct properties but also discovered many novel features of the material, indicating the promise of the material
for future science and technological applications. As a result, Andre K. Geim and
Konstantin S. Novoselov were awarded the 2010 Nobel Prize in Physics for their
groundbreaking experiments regarding the two-dimensional material graphene.

1.2

Electronic Properties of Graphene
The electronic structure of graphene provides fundamental understanding the

unique properties of graphene and its counterparts. A large part of this dissertation deals with experiments performed in graphene including monolayer and twisted
bilayer graphene. In this section we will overview some background on the electronic
properties of graphene.

1.2.1

Electronic Band Structure of Graphene

Graphene has a two-dimensional hexagonal crystal lattice with a primitive unit
cell comprising of two identical carbon atoms, denoted as the A and B sublattices
(blue and orange sites in Fig. 1.1(a)). Each carbon atom in planar graphene is sp2
hybridized and bonded to three other carbon atoms via σ bonds and the separation
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˚ The electrons
between two adjacent carbon atoms (A and B sites) is a = 1.42 A.
for this σ bond are tightly bound that do not contribute to electronic transport.
The remaining pz orbital (perpendicular to the plane of graphene) is delocalized and
constitutes to the π band with the neighboring atoms, which gives graphene its low
energy electronic structure. The a1 and a2 are the primitive translation vectors of
√
˚ The BZ of graphene is presented in
graphene with a magnitude of 3a = 2.46 A.
Fig. 1.1(b) and the reciprocal lattice vectors b1 and b2 have a magnitude of 4π/3a.

Fig. 1.1. (a) The lattice structure of graphene. Blue and orange dots
represented the A and B sublattices, respectively, of graphene lattice.
The a1 and a2 are the lattice unit vectors, and δ1 , δ2 , and δ3 are the
nearest-neighbor vectors). (b) The corresponding Brillouin zone (BZ).
The Dirac cones are situated at the K and K’ points. The b1 and b2 are
the reciprocal lattice vectors.

The charge carriers (due to π electrons) in graphene can be described by a tightbinding model [9]. The nearest-neighbor tight-binding Hamiltonian is:
Ĥ = −t

X

(â†i b̂j + H.C.),

(1.1)

hi,ji

where â†i (âi ) and b̂†i (ˆbi ) creates (annihilates) an electron on sublattice A or B, respectively, and the hopping integral t, and the summation is over nearest neighbors on
the A and B sublattices of graphene. We write the Hamiltonian in the basis of the
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wavefunction amplitudes on the A and B sublattices (ψA , ψB ), taking into account
the vectors connecting the nearest neighbors,
√
a √
a
a
δ~2 = (1, − 3)
δ~3 = (−2, 0).
δ~1 = (1, 3)
2
2
2
For arbitrary momentum ~k in the BZ,
⎛
P i~k·δ~j ⎞
0
je
⎠,
Ĥ = −t ⎝ P
−i~k·δ~j
e
0
j

(1.2)

(1.3)

with eigenvalues (energy spectrum)
s

√
3akx
aky
E± (~k) = ±t 3 + 4 cos(
) cos(
) + 2 cos(aky ).
2
2

(1.4)

Fig. 1.2. Electronic dispersion (in unit of t (hopping integral)) of graphene
by a nearest-neighbor tight-binding model. The zoomed-in illustrates the
linear dispersion close to one of the Dirac points (DPs). The ﬁgure is
adapted from ref. [1]

The plot of E(~k) is illustrated in Fig. 1.2. Since the band is exactly half-ﬁlled and
the Fermi level is at E = 0, the Fermi surface becomes a degeneracy at the corners
of the BZ, termed the K and K’ points.
~ = 2π (1, √1 )
K
3a
3

~ 0 = 2π (1, − √1 ).
K
3a
3

(1.5)
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~ ) = E(K
~ 0 ) = 0 are also called Dirac points (DPs). Expanding the Hamilwhere E(K
tonian (eq. 1.3) about the K-point yields the low energy eﬀective Hamiltonian in
graphene,
⎛
Ĥ(~k) = hv
¯ F⎝
where vF =

3at
2¯
h

0

kx − iky

kx + iky

0

⎞
⎠,

(1.6)

' 1 × 106 m/s is the Fermi velocity [1], and kx and ky are measured

from the K-point. A similar low-energy eﬀective Hamiltonian with a sign change in
kx can be obtained near the K’-point. The energy spectrum and eigenfunctions of
Ĥ(~k) (eq. 1.6) are :
q
kx2 + ky2 = ±¯hvF |~k|.


1
1
ψ± = √
,
2 ±eiθk

E(~k) ≈ ±¯hvF

(1.7)
(1.8)

where θk is the angle of the vector k with x-axis. We can further rewrite eq. 1.6 with
the momentum operator p~ = h̄~k and the Pauli spin matrices ~σ = (σx , σy ),
~
Ĥ = vF ~σ · p.

(1.9)

The eﬀective Hamiltonian (eq. 1.9) contains two copies of the massless Dirac-like
Hamiltonian, one holding for p around K-point and the other for p around K’-point.
The result indicates that the low energy charge carriers in graphene behave as the
massless Dirac fermions traveling at the (Fermi) velocity of around 300 times slower
than the speed of light. Furthermore, the eigenfunctions ψ± are spinors with two
components related to the A and B sublattices. These spinors are also called pseudospins, which diﬀer from the physical spin of the electron. However, the aforementioned spinors play the same role as the spinor structure in the theory of the massless
Dirac fermions [26]. The real spin sectors in graphene are decoupled in the absence
of spin-orbit interaction.
Another distinctive properties of graphene is that the charge carriers in the two
valleys (K and K’) are both chiral, which means that there is a ﬁxed relationship
between pseudospin projection and carrier motion (i.e.,

~
σ ·p
~
).
|p
~|

Figure 1.3 portrays the

6
pseudospin projections of chiral carriers in the K valley of monolayer graphene. The
plots can be extended to the K’ valley with the fact that chiral carriers in opposite
valleys have opposite chirality. The pseudospin (and chirality) of charge carriers
has real consequences for graphene. In particular, backscattering of charge carriers is
suppressed because backscattering would involve reversing not only the momentum of
the charge carrier, but also its pseudospin, which is forbidden for long-range disorder.
This is one of the signiﬁcant factors that graphene has high mobility. It is also
the underlying mechanism for the Klein tunneling [27, 28] of the charge carriers in
graphene.

Fig. 1.3. Left: The band structure of monolayer graphene at the K-point
with the pseudospin projection of chiral carriers (electrons) at constant
energy contours in the conduction band. Right: The pseudospin projection in the k-space is momentum (propagation direction)-dependent but
energy-independent. The plots can be extended to carriers (holes) in the
valence band at the K-point by taking a signal change in the pseudospin
projection. The ﬁgure is adapted from ref. [29]

1.2.2

Landau Levels of Graphene

Now we introduce the inﬂuence of magnetic ﬁeld on the electronic properties of
graphene. Under a perpendicular magnetic ﬁeld (i.e., normal to the sample plane),
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a diﬀerent set of Landau levels has been observed in graphene in contrast to the
conventional two-dimensional electron gas (2DEG; e.g., GaAs) [1,22]. By introducing
~ = −Byx̂, the eﬀective
the Landau gauge with a magnetic vector potential of A
Hamiltonian (eq. 1.6) becomes
⎛
ˆ = vF ⎝
H

px − ipy −

0

px + ipy −

eBy
c

0

eBy
c

⎞
⎠.

(1.10)

The generic solution for the wavefunction of has the form ψ(x, y) = eikx φ(y) =
eixpx /¯h φn (y). We can then simplify eq. 1.10 with a dimensionless variable deﬁned
p
as ξ = y/`B − `B k, where `B = hc/eB
¯
and yield :
⎛
⎞
0 a−
ˆ = hω
⎠,
(1.11)
H
¯ c⎝
a+ 0
where a± =

√1 (ξ
2

∂
)
∂ξ

and ωc =

√
2vF /`B . The operator a± can be shown to

satisfy the commutation relation [a− , a+ ] = 1 and are similar to the raising and
√
lowering operators of a one-dimensional harmonic oscillator (i.e., a+ |N i = N + 1|N i
√
and a− |N i = N |N − 1i, where N = 0, 1, 2 . . .). Solving for the eigenvectors and
eigenvalues for the Hamiltonian (eq. 1.11), we ﬁnd


|N − 1i
,
φN =
±|N i
√
hωc N .
EN = ±¯

(1.12)
(1.13)

The Landau level (LL) spectrum of graphene (eq. 1.13) is markedly diﬀerent from
hωc (N + 1/2) derived from the Schr¨odinger
the conventional LL spectrum EN = ±¯
equation. Figure 1.4 depicts pictorially the density of states of the massless Dirac
fermions in graphene and the massive Schrödinger charge carriers in conventional
semiconductors under a perpendicular magnetic ﬁeld. The ﬁrst diﬀerence is that
there is a zero-energy LL in graphene. Another diﬀerence is the LL energy in graphene
follows a square-root relation; however, the conventional one has equal energy spacing.
The last one is the shift of 1/2 in N in eq. 1.13, which results in diﬀerent set of plateaus
of the Hall conductivity between graphene and conventional 2DEG.
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Fig. 1.4. Schematics of the density of states of (a) the massless Dirac
fermions in graphene and (b) the massive Schrödinger charge carriers in
conventional semiconductors under a perpendicular magnetic ﬁeld. The
formation of these comb-like features is due to Landau quantization. (c)
Half-integer quantum Hall eﬀect (QHE) for a chemical vapor deposition
(CVD)-grown graphene. Hall resistance Rxy and longitudinal resistance
Rxx as functions of V g at magnetic ﬁeld B = 9 T and temperature T = 1.6
K. The ﬁgures in (a, b) are adapted from ref. [2].

1.3

Some Background on the Electronic Properties of Twisted Bilayer
Graphene
Early scanning tunneling microscopy (STM) studies on highly ordered pyrolytic

graphite (HOPG) observed periodic patterns (moiré patterns) [30], suggesting the
presence of rotational misalignment between the top graphene layer and the underneath graphite. Systematic investigations into the electronic properties of tBLG
(also known as turbostratic stacked bilayer graphene) began with multilayer graphene
grown on SiC substrates [31–33]. In these studies, they observed monolayer graphene
characteristics despite the presence of multilayers. This indicates an electronic decoupling between the layers. We can get an intuitive picture for why it happens.
Figure 1.5 illustrates the lattice structure and corresponding BZ of tBLG with large
and small twist angle (θ). In real space, tBLG composes of two graphene layers rotated by θ, forming moiré superlattices. In momentum space, tBLG can be viewed
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as two non-interacting layers of Dirac cones from the upper (top) and lower (bottom)
graphene layers misorientated by θ. For a large θ as shown in 1.5, the Dirac cones of
the upper (KU or K0U ) and lower (KL or K0L ) layers are separated by a distance ΔK
and overlap at the half way of ΔK at high energies (also known as saddle points).
As a result of the momentum mismatch between the Fermi surfaces of the two layers
(large ΔK), the electronic properties of tBLG with large θ are decoupled, similar to
that in monolayer graphene.

Fig. 1.5. Lattice structures and corresponding BZ of tBLG with (a) θ =
13◦ and (b) θ = 3◦ . The Dirac cones at KU and KL are separated by ΔK.
The subscripts “U”and “L”denote the upper and lower graphene layers.

The θ−dependent band structure calculation for tBLG has been studied in great
detail, mostly based on the continuum model and tight binding model [34–39]. These
studies have predicted and successfully explained several distinct behaviors of tBLG
observed in experiments. Recent STM and angle-resolved photoemission spectroscopy
(ARPES) experiments on CVD-grown graphene bilayers have found a suppression of
the Fermi velocity for small θ, as well as the observation of large peaks (van Hove
singularities or vHss) in the DOS that are symmetrically situated in energy around
the DP (i.e., located near the saddle points) [40–42]. These vHss in the DOS they
are attributed to the hybridization between the two graphene layers. At the vHs, the
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divergence of the DOS leads to the enhancement of electron interaction. Monolayer
graphene also possesses a vHs in the M-point of its band structure, and it has been
predicted that interacting states with diﬀerent instabilities will occur when the Fermi
level is ﬁlled up to the vHs [43–45]; however, in monolayer graphene the vHs locates at
∼ 5 eV away from the DP. Unlike monolayer graphene, these low energy vHss appear
in tBLG may provide a diﬀerent opportunity to achieve those exotic interacting states
in graphene. They have also observed that in tBLG no energy gap will form at the DP
under a perpendicular electric ﬁeld or potential diﬀerence between the two layers [40],
dissimilar with AB-BLG [46]. Figure 1.6 displays the calculated band structures (in
a reduced BZ scheme) of tBLGs using both the tight-binding model and continuum
model. When θ decreases below ∼ 2.5◦ , a mini-gap opens at the Γ-point. The vHss
tends to merge together in the vicinity of the DP with further decrease in θ, as
reported in STM experiments [47, 48]. However, there are relatively little electronic
transport studies concerning the electronic properties of tBLG at θ < 2◦ because of a
lack of high-quality and relatively large samples. A recent work demonstrated highquality of tBLG at θ < 1◦ , fabricated by the dry transfer method, and studied their
properties using STM and electronic transport [49]. The study reported a board
and large resistance peak centered at the DP for θ = 0.43◦ as a result of strong
electron-electron interactions [49]. More studies are needed to further understand the
electronic, optical and thermal properties of tBLG at very small θ.
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Fig. 1.6. Band structure of tBLG with θ (a) 9.43◦ , (b) 2.65◦ , and (c) 1.47◦ .
Dashed (red) slopes around the K point indicate the band dispersion of
monolayer. Note that the scale of wave number (horizontal axis) reduces
as the θ decreases. Dirac point (DP) energy is set to zero. The semitransparent highlighting bars indicate the energy positions corresponding
to the ﬁrst set of VHSs adjacent to the DP. The ﬁgure is adapted from
ref. [50]

1.4

Vibrational Properties of Monolayer and Bilayer Graphene
A large part of this dissertation concerns with Raman experiments performed in

mono- and twisted bi-layer graphene. In this section we will introduce a few basic
Raman characteristics associated with graphene and the scattering mechanism for
understanding these Raman features.

1.4.1

Phonon Band Structure of Monolayer Graphene

Figure 1.7 (left panel) presents the phonon dispersion of graphene. Since monolayer graphene has two carbon atoms per unit cell, there are totally six phonon
branches, three of them optical and three of them acoustic [51–53]. The optical
branches include the in-plane longitudinal mode (LO), in-plane transverse mode (TO),
and out-of-plane transverse mode (ZO). The acoustic branches include the in-plane

12
longitudinal mode (LA), in-plane transverse mode (TA), and out-of-plane transverse
mode (ZA). The classiﬁcation of longitudinal (L) or transverse (T) mode replies on
vibrations parallel with or perpendicular to the direction of the nearest carbon-carbon
atoms (A − B carbon atoms), respectively, as shown in Fig. 1.7 (right panel).

Fig. 1.7. Phonon dispersion of monolayer graphene (left panel) and cartoons of LO and TO lattice vibrations at Γ and K points (right panel).
LO stands for in-plane optical longitudinal mode, TO stands for in-plane
transverse optical mode, LA stands for in-plane longitudinal acoustic
mode, TA stands for transverse acoustic mode, ZO stands for out-of-plane
transverse mode, and ZA stands for out-of-plane transverse. The phonon
dispersion is adapted from ref. [54].

In graphene, we are interested in the LO and TO phonon modes at the Brillouin
zone center (Γ-point) and near the zone edge (K-point) because they are Raman
active and show strong signals, which is diﬀerent from the neither Raman nor infrared
active ZO mode [53]. The LO and TO modes are degenerate at the Γ-point due
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Fig. 1.8. Raman spectrum of CVD (monolayer) graphene on a Si substrate
with ∼ 285 nm SiO2 overlayer measured in ambient, using a 532 nm laser.

to the symmetry of graphene lattice and often are denoted as “G Raman mode”in
literature. On the other hand, D and 2D (or G’) Raman modes in graphene Raman
spectra stem from the same branches (LO and TO) near the K-point. The coupling
of these phonons with electrons in graphene can be used to measure the layer number
and doping level in graphene. This electron-phonon coupling not only induces a
substantial change in phonon energy near the Γ- and K-points, i.e., the so-called
Kohn anomaly [55], but also leads to (drift) velocity saturation in high-ﬁeld transport
[56, 57]. Figure 1.4 plots a typical Raman spectrum from a CVD graphene ﬁlm
transferred on a Si/SiO2 substrate, showing a G line at ∼1582 cm-1 and a (symmetric)
2D line at ∼ 2700 cm-1 , and a very weak D line near ∼ 1350 cm-1 .

1.4.2

Raman G Mode

The G band (line) stems from the LO and TO modes at the Γ-point, with zero
momentum (h̄q G ∼ 0). The Raman scattering process associated with the G band,
as shown in Fig. 1.9 (left), begins with the generation of an electron-hole pair with
wavevector k (measured from the K-point of the electronic band BZ of graphene) by
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photon absorption. The electron is inelastically scattered by a phonon with wavevector q G ∼ 0 created in the lattice (intravalley scattering). The electron then recombines
¯ G (here hω
¯ G is the phonon
with the hole and a photon with energy E S = c¯hk S = E L hω
frequency and c is the speed of light) and wavevector k S is emitted.
Due to the lattice symmetry of graphene, the LO and TO modes at the Γ-point are
degenerate (see Fig. 1.7). This degeneracy can be lifted by breaking the symmetry by
an application of uniaxial strain, resulting in a split of the Raman G band [58]. This
behavior indicates that it is possible to obtain the information of nanoscale strain in
graphene samples.
The Γ-point LO and TO phonons are sensitive to the carrier density (Fermi level)
of graphene [59, 60]. In graphene, the phonons can easily interact with electrons and
decay into electron-hole pairs (Landau damping [59]) because of the gapless electronic
structure (Dirac cone) of graphene. By varying the Fermi level away from the DP, we
can largely modulate the electron-phonon coupling strength due to the suppression of
the excitation of electron-hole pairs by phonons [59]. When the Fermi level is above
half of the phonon energy (h̄ω G /2 ∼ 100 meV for the G band), the electronic states in
the range of ± h̄ω G /2 are occupied, thereby no excitation is allowed (Pauli blocking,
Fig. 1.10(c). This leads to an enhanced energy and a longer lifetime (or a shorter
linewidth) of the phonon [59,61], which are observable in the frequency and linewidth
of the G band, respectively, in the Raman spectrum (Fig. 1.10(a)).
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Fig. 1.9. Raman scattering processes in graphene. (Top left) G band,
(top right) D band (intervalley), (bottom left) D’ band (intravalley), and
(bottom right) 2D (or G’) band.
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Fig. 1.10. (a − c) Graphene G band damping and (d − f) energy renormalization in monolayer graphene with a SiO2 back-gate. In (a) and (d),
dashed blue lines and solid red lines are the ﬁts for ideal and nonuniform (arising from thermal broadening and electron-hole puddle-induced
charge inhomogeneity) graphene, respectively. The insets show Feynman
diagrams for electron-phonon coupling applicable to the case of the G
phonon. (b) represents the broadening of the G phonon due to decay
into electron-hole pairs. (c) indicates that the G-phonon decay into the
electron-hole pair is forbidden by the Pauli blocking at high doping charge
densities. (e) is for the renormalization of the G-phonon energy by interaction with virtual electron-hole pairs. (f) shows that virtual electron-hole
pair transitions are forbidden. Only n-doped graphene is shown in (b, c,
e & f). Diagrams for p-doped graphene are similar. The ﬁgure is adapted
from ref. [59]
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1.4.3

Raman D and 2D Modes

In the Raman spectrum of graphene (Fig. 1.8), the D band and its overtone (2D)
are dispersive (meaning dependence of their frequencies on the excitation laser energy)
[52]. We can obtain useful information about the electronic band of graphene as
the photo-excited electrons jump between real electronic states through the phononmediated resonance scattering. The D and 2D bands arise from the emission of TO
phonons near the K-point [52,53]. Since the K-point phonons have ﬁnite momentum,
multiple scatterings usually happen in order to satisfy the conservation of momentum.
The D mode is found to be activated with lattice defects, which makes it as a good
indicator of the amount of lattice defects in graphene.
A double-resonance (DR) process is one of the ways to understand these Raman
modes. Figure 1.9 illustrates the DR process for the D and 2D bands. In the case
of the D band (Fig. 1.9 (top right), a photo-excited electron with wavevector kinter
(measured from the Dirac cone K) is elastically scattered to another state in the
other Dirac cone K’, with wavevector k 0 inter =-k inter (belonging to the same equienergy circle) by a defect, which transfers momentum hq
¯ inter to the electron. The
electron emits a phonon with wavevector q inter and jump back to the original cone.
Unlike the D band, the 2D band is due to a two phonons DR process, which does not
involve defect-associated scattering. The electron is scattered twice by phonons with
opposite wavevector q inter between the Dirac cones at the valley K and K’ (Fig. 1.9
(bottom right)).
The DR process for the D and 2D bands discussed so far are classiﬁed as an
intervalley process because the participated phonons connect two electronic states
belonging to the two non-equivalent Dirac cones (K and K’) [52, 53]. In the Raman
spectrum of defective graphene, the D’ band arises from the emission of LO phonons
near the K-point. As shown in Fig. 1.9 (bottom left), this defect-mediated scattering
follows the DR mechanism and all participated electronic states belonging to the same
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Dirac cone. Thus, the D’ band is an example of intravalley DR Raman scattering in
graphene [52, 53].

1.4.4

Phonon Band Structure of Bilayer Graphene

In AB-stacked bilayer graphene (a usual stacking sequence in graphite), the number of atoms per unit cell increases to four, same as that of graphite. Thus, the
number of phonon branches is double compared with that in monolayer graphene.
All the high-energy optical phonon branches (LO, TO, and ZO) become Davydovdoublets [53], where each phonon branch has two components (symmetric and antisymmetric). The motion of the carbon atoms of the B sublattice of one layer situate
on top of the carbon atoms of the A sublattice of another layer is in phase with respect to each other for the symmetric component, whereas the motion of the carbon
atoms in the two layers at opposite sublattices is out-of-phase for the anti-symmetric
component. For example, near the Γ-point, the G phonon mode of the two layers
couple to an in-phase mode and an out-of-phase mode. In the case of neutral ABbilayer graphene, the former one is Raman active, and the later one is infra-red (IR)
active [52, 54]. Since the coupling between the two graphene layers is weak, these
high-energy optical phonon modes remain almost similar (very small energy diﬀerence between the in-phase and out-of-phase modes) to that in monolayer graphene,
as shown in Fig. 1.11 (left panel).

1.4.5

Interlayer Vibrations in Bilayer Graphene

On the other hand, interlayer vibration modes emerge in the low-energy phonon
dispersion of bilayer graphene. They are layer-shearing mode (also called C modes in
some literature) and layer-breathing mode (ZO’; due to the fact that the degeneracy
in ZA branch is lifted by interlayer coupling), where the two graphene layers vibrate
out-of-phase in the lateral and vertical direction, respectively, as illustrated in Fig.
1.11 (right panel). The two shear modes (originated from the TA and LA branches)
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are degenerate at the Γ-point of the B.Z. with phonon frequency of ∼ 32 cm-1 [53].
Recent Raman studies reported the two interlayer phonon modes and found that
the LB vibration can be strongly suppressed by molecules absorbed on the graphene
surface [62]. These phonon modes play important roles in understanding the electrical,
thermal and optical properties of bilayer and even few-layer graphene. First, all of
these phonon modes have the relatively low energy (of ∼ 10 meV or less), as displayed
in Fig. 1.12 (zoomed-in low-frequency region); electrons can easily couple with these
phonons. Second, phonon-phonon interaction (phonon absorption and decay) could
happen among the low-energy phonon branches, resulting in phonon anharmonicity.

Fig. 1.11. Phonon dispersion (left panel) and schematic atomic displacements of ZO’ (LB) and C mode (right panel) of AB-bilayer graphene. In
the LBM and C modes, the two graphene layers vibrate out-of-phase in
the vertical and lateral direction, respectively. The phonon dispersion is
adapted from ref. [54].

The parabolic energy band of AB-stacked bilayer graphene makes the Raman 2D
band (asymmetric line-shape) diﬀerent from monolayer graphene (symmetric line-
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shape, see Fig. 1.8). Experimentally the ﬁtting to four Lorentzians gives a better ﬁt
to the 2D band. The origin of the four sub-peaks is due to the DR Raman scattering
with various pathways between the energy subbands [52, 63]. A similar phenomenon
has been found in the ZO’ Raman mode (layer breathing mode or LBM) of AB-bilayer
and few-layer graphene. Figure 1.13(a) presents the overtone LBM (2ZO’) for bilayer
graphene measured at diﬀerent laser excitation energies. The doublet LBM bands
originate from the DR Raman scattering within c1 (P11) band for ZO’+ and c2 (P22)
band for ZO’− , as shown in Fig. 1.13(b).

Fig. 1.12.
Zoomed-in low-frequency phonon dispersion of bilayer
graphene. In the ZA mode, the two graphene layers vibrate in-phase
in the vertical direction.
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Fig. 1.13. (a) Normalized overtone of ZO’ mode (2ZO’) Raman spectra of
suspended AB-bilayer graphene at various excitation laser energies. The
high- and low-frequency component of the 2ZO’ band are represented
by 2ZO’+ and 2ZO’− , respectively. (b) The main electronic scattering
processes in the two-phonon DR Raman mechanism of the 2ZO’ mode in
2LG. The ﬁgures are adapted from ref. [64]

1.4.6

Angle-Dependent Raman Scattering of Twisted Bilayer Graphene

Earlier calculations on the phonon dispersion of tBLG have predicted the emergence of folded hybrid phonon branches due to the increase in the unit cell size [65].
The unit cell of commensurate tBLG has ﬁnite size; the size of a unit cell increases
with decreasing θ [35]. For example, the unit cell of commensurate tBLG at 27.8◦
contains 52 atoms [36], which is signiﬁcantly larger than that in AB-BLG (i.e., 2
atoms in a unit cell). However, there is no conclusive experiment to support the
picture of folded hybrid phonons in tBLG. One of the challenges for experiments is
to have commensurate tBLG, which happens for a few special angles [35,36]. In most
circumstances, it is more probable to have incommensurate tBLG, which does not
have a long-range atomic registry (without well-deﬁned unit cell over the sample).
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Fig. 1.14. Raman spectra of twisted double-layer and monolayer graphene
measured with 633 nm wavelength laser. The speatra are shifted vertically
for clarity. The ﬁgure is adapted from ref. [66]

The Raman spectra of tBLG exhibit characteristic changes with θ [66, 67], which
are attributed to the eﬀects of energy band modiﬁcation and superlattice (moiré
pattern). Figure 1.14 displays Raman spectra of tBLG with diﬀerent θ and suspended
on a TEM grid, showing several marked features. One feature is that the intensity of
G band (at around 1584 cm-1 ) is strongly enhanced when the critical twist angle θc
where the E vHs is equal to the Raman excitation laser energy (i.e., θc ∼ 10◦ for 633 nm
laser excitation and θc ∼ 12.5◦ for 532 nm laser excitation). This G enhancement is
originated from the electronic resonance transition between the vHss in the conduction
and valence bands of tBLG [66]. Another feature is that several new peaks occur
below and above the G band (denoted as R’ and R peaks [68, 69]). These new peaks
are stemmed from the superlattice-assisted scattering [68], which depends on the
rotational wavevector deﬁned by the diﬀerence of the reciprocal lattice vectors of the
two graphene layers and θ. In addition to the strong G band and new Raman peaks,
the 2D band also undergoes prominent changes with θ. Below θ ∼ 10◦ in Fig. 1.14, the
proﬁle of the 2D band is broad and slightly asymmetric. With increasing θ > 10◦ , the
intensity of the 2D band increases and its proﬁle is symmetric, similar to monolayer
graphene. This can be qualitatively understood by diﬀerent scattering pathways
within the energy band of tBLG. The scattering pathways could be complicated

23
when the laser excitation energy is larger than the E vHs (i.e., θ < 10◦ in Fig. 1.14),
whereas the band structure below the vHs resembles the linear dispersion of monolayer
graphene and the scattering pathways of electron-phonon are comparable to that in
monolayer graphene. Figure 1.15 show the Raman G and 2D band of tBLG as
functions of θ, measured at various laser excitations (ranging from 488 nm to 633
nm). By combining with other new Raman peaks mentioned, one could exploit these
features to identify the θ of a tBLG.

Fig. 1.15. θ dependence of Raman G and 2D bands on twisted doublelayer graphene with diﬀerent laser wavelengths. The peak position (a),
fwhm (b), and normalized intensity (c) of the G band. Intensities were
normalized to the monolayer value for each laser wavelength. The inset
in (c) shows the laser energy dependence of θ with G band enhancement.
The peak shift and (d) and fwhm (e) of the 2D band. Raman data of
monolayer graphene are included for comparison. The ﬁgures are adapted
from ref. [66]
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1.5

Structure of the Dissertation
This dissertation is devoted to the exploration of the electrical, vibrational and

optical properties of graphene-based materials, with particular emphasis on tBLG
and monolayer graphene-semiconductor hybrid. The dissertation can be divided into
three sections.
The ﬁrst section involves chapters 1 and 2 about background information of the
dissertation. Chapter 1 overviews related graphene research in the literature and
introduce some physical properties of graphene. Chapter 2 focuses on sample preparation and experimental techniques that are employed in the research of this dissertation.
The second section includes chapters 3, 4 and 5 concerning the investigations of
tBLG. Chapter 3 centers on the vibrational properties at low frequencies of tBLG. We
study the low energy Raman (vibrational) modes in CVD-grown tBLG as a function
of twist angle. Chapter 4 focuses on the inﬂuence of transverse electric ﬁeld (through
gate tunable carrier doping) on the largely enhanced Raman bands observed in tBLG
at θ ∼ 12.5◦ for laser wavelength 532 nm. Finally, in chapter 5 we investigate the
transport properties of high-quality tBLG at small-θ under variable temperatures,
carrier densities, and both transverse electric ﬁelds and magnetic ﬁelds.
The third section comprises of chapter 6 regarding the photoelectrical properties
of graphene-semiconducting quantum dots hybrid. We study the photoresponse and
persistent photoconductivity on the hybrid at diﬀerent carrier densities.

25

2. EXPERIMENTAL TECHNIQUES AND SETUP
In this chapter, I will introduce graphene sample preparation methods and some techniques for the experiments presented in this dissertation. The sample preparation
methods include the mechanical exfoliation of graphene and stacking of heterostructure layers and the synthesis of large-area graphene by chemical vapor deposition
(CVD). I will also brieﬂy discuss the experimental techniques of Raman spectroscopy
and electrical transport in graphene-based materials.

2.1

Graphene Sample Preparations
The graphene samples used in the experiments in this dissertation are prepared

by mechanical exfoliation of Kish graphite [2] as well as CVD growth of graphene on
copper (Cu) foils [70]. We realize twisted bilayer graphene and hexagonal boron nitride (tBLG/h-BN) heterostructures by the dry transfer (polymer-free stamp) method
[71, 72]. Thus far, graphene encapsulated in h-BN produced by the method of mechanical exfoliation and dry transfer has the highest quality among all the sample
preparation methods [71].

2.1.1

Mechanical Exfoliation and Polymer-Free Layer Assembly

The mechanical exfoliation method is also called the scotch-tape method. In this
method, we put a piece of graphite ﬂake (Kish graphite from Covalent Materials
Corp.) on a tape and peel with another tape. We repeat this peeling process until
the tape is full of thin graphite ﬂakes and ﬂakes become thinner. We then transfer
the tape onto a target substrate (usually a silicon (Si) substrate with a 285 nm oxide
layer). Before removing the tape, we gently rub against the substrate surface with
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a Q-tip. Because the interlayer bonding between the graphene layers in graphite is
only weak van der Waals force, they can be readily separated and remained on the
substrate.
There are several things to pay attention in the exfoliation process. The ﬁrst one
is the distribution of graphite ﬂakes on the tape. We should monitor that the graphite
ﬂakes should be large, dense and thin in order to obtain large graphene ﬂakes. We
should avoid overdoing the peeling process, which results in graphite powders and
small graphene ﬂakes. The second one is to have a clean substrate, which improves
the adhesion between graphene and substrate. Cleaning substrates with piranha
solution for 15 to 30 minutes help to get a better result. Performing oxygen plasma
ashing on substrates aids to improve the graphene-substrate adhesion. We can also
improve the adhesion by putting the substrate already with a graphene tape on a
hotplate at around ∼ 90 ◦ C for a few minutes.

Fig. 2.1. Optical images of monolayer (1L) and bilayer (2L) graphene (a)
and of hexagonal boron nitride (h-BN) (b) on Si/SiO2 .

After the exfoliation, we search the graphene ﬂakes on the substrate under an optical microscope. A diﬀerent number of graphene layers yields diﬀerent color contrast
when they are on the silicon substrate (due to the optical interference eﬀect) [73].
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Examples of graphene and h-BN (bulk h-BN from hq graphene) ﬂakes exfoliated on
Si/SiO2 substrates are presented in Fig. 2.1. We conﬁrm the graphene ﬂake not
only using the color contrast with Si/SiO2 substrate, but also with Raman measurement. Si/SiO2 substrates are the most commonly used substrates in the graphene
community because graphene can be visualized most easily by color contrast in these
substrates and the underneath oxide layer and doped Si substrate can be used as a
gate dielectric and electrode to tune the carrier density in graphene devices.
Si/SiO2 is an appropriate substrate for our Raman studies (which will be discussed
in chapters 3 and 4) since the Raman spectrum of silicon is mostly ﬂat and does not
overlap with the Raman characteristics of graphene. Furthermore, the Raman signals
of graphene are moderately enhanced due to the interference eﬀect in the oxide layer
of the Si substrate [73]. However, Si/SiO2 substrates have some disadvantages that
deteriorate the quality of graphene devices, in particular not very good for transport
experiment owing to the charge inhomogeneity and SiO2 surface phonons [74]. It
has been reported that h-BN is a more promising substrate for graphene devices
and other 2D materials [74, 75]. H-BN oﬀers an atomically smooth surface, free of
dangling bonds, an excellent electrical insulator, and very small lattice mismatch
substrate (2.50 Å for h-BN [76] and 2.459 Å for graphene [77]) for graphene [74, 75].
H-BN is also chemically stable and has relatively high thermal conductivity [78]. For
these reasons, we employ the dry transfer method [79] and h-BN thin ﬂakes to create
h-BN/graphene/h-BN devices. In the later of this dissertation, I will present our
investigation of the electrical transport properties of tBLG encapsulated in h-BN and
how we fabricate the h-BN/tBLG/h-BN stack in chapter 5.
The advantage of the dry transfer technique (also known as the van der Waals
pick-up technique) is polymer-free, which maintains the pristine quality of graphene.
In the dry transfer technique, we utilize the van der Waals (vdW) force between the
two materials to pick up either graphene or h-BN. Figure 2.2 illustrates schematically
the transfer technique. We exfoliate h-BN and graphene ﬂakes onto individual Si
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substrates. We create a stamp (made of PPC/PDMS) to adhere a piece of h-BN ﬂake.
Then we can pick up a graphene ﬂake using the h-BN/PPC/PDMS stamp. Finally,
we place gradually the whole stack on a diﬀerent h-BN ﬂake exfoliated onto a Si
substrate. During the transfer, both temperature and ramping rate are important to
obtain wrinkle- and bubble-free samples. This is the most appealing method to create
high-quality and supported graphene samples. The same idea has been employed to
other 2D materials, including molybdenum disulﬁde and tungsten diselenide.

Fig. 2.2. (a) Schematic of the van der Waals technique for polymer-free
assembly of layered materials. (b) Optical image of h-BN/graphene(G)/hBN heterostructure using the process illustrated in (a). (c) AFM image
of a large-area encapsulated graphene layer showing that it is completely
free of wrinkles and bubbles with the graphene. (d) High-resolution crosssection ADF-STEM image of the sample in (c), showing pristine and free
of any impurities at the interfaces down to the atomic scale. The ﬁgure is
adapted from ref. [79]
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2.1.2

Synthesis of Large-Scale Graphene

For industrial applications, it is desirable to obtain large-area (or wafer-scale)
graphene. Graphene prepared by the mechanical exfoliation does not meet the requirement. To produce large-area graphene, various techniques have been developed.
Notable techniques include thermal decomposition (or epitaxial growth) of SiC substrates [31, 80], chemical reduction of graphene oxide (GO) ﬁlms [81, 82], and CVD
on metallic surfaces [70, 83]. Table 2.1 summarizes the maximal reported sample size
and room temperature (RT) charge carrier mobility of graphene prepared by these
methods.
Epitaxially grown graphene from SiC has high mobility (≥ 10, 000 cm2 /V·s)
[84,85] and has a semi-insulating SiC substrate (with a dielectric constant εSiC = 9.7)
ready for device fabrication. It makes epitaxial graphene more appropriate for electronic devices including ﬁeld eﬀect transistors (FET), radio frequency (RF) transistors
and ampliﬁers, and integrated circuits (IC) [86–88]. Another current exploration of
epitaxial graphene is in quantum resistance metrology [85,89]. However, high cost and
limited SiC wafer size may restrain its applications. The chemical reduction of GO
can also produce graphene-based connected ﬁlms in very large-scale and on various
substrates, but the major drawback is low electrical mobility (∼ 1 cm2 /V·s) [90, 91]
due to their defective structures.
Among these techniques, CVD on metallic surfaces has become one of the most
promising ways in growing large-scale graphene ﬁlms since this technique gives transferable large-area and high-quality graphene ﬁlms with high yield, relatively low cost,
and comparable carrier mobility as found in exfoliated graphene. CVD graphene ﬁlms
of 30-inch length, whose size is limited only by the metal substrate and furnace, have
been produced on Cu [83]. The catalytic growth of multilayer graphene on metals
can be traced back to 1939 [16], even before the ﬁrst report of the success of isolating monolayer graphene by the exfoliation method. In recent CVD graphene growth
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Table 2.1.
Maximal reported sample size and room temperature (RT) charge carrier
mobility of graphene prepared by diﬀerent methods.

Production method
Mechanical exfoliation
CVD on Cu

Max. sample size (mm)

RT carrier mobility (cm2 /V·s)

Ref.

∼ 0.1

5

∼ 1 × 10

[71, 92]

∼ 1000

∼ 1 × 104

[83, 93]

4

[80, 85]

Epitaxial growth on SiC

∼ 100

∼ 1 × 10

Graphite oxide reduction

∼ 1000

∼1

[90, 91]

experiments, various metals (such as Ni [94], Cu [70], Ni-Cu alloy [95, 96], Co [97],
Ir [98], Ru [99], and Pd [100]) have been employed. In particular, Cu is the most
widely used because of the low carbon solubility in Cu. The main disadvantage of
this technique is unavoidable to transfer of the free-standing graphene to a desired
dielectric substrate (see chapter 2 for experimental details). The transfer of graphene
can unintentionally introduce charge impurities and other forms of defects; thus longrange Coulomb scattering (from charge impurities) lowers the graphene mobility to
around 1000−10, 000 cm2 /V·s. Current explorations of CVD graphene are in optoelectronic and optical devices including transparent electrodes (touch screens) [83, 101],
plasmonic structures [102] and circular polarizers [103].
CVD graphene is found to exhibit grain boundaries [93, 104, 105] that comprise
of one-dimensional defects [106, 107]. Some of them are topological defects, which
would be applied for valley ﬁlters [108]. On the other hand, grain boundaries in CVD
graphene are another common scattering source, inﬂuencing its physical properties
compared to that of exfoliated graphene (typically single crystalline). Hence, it has
attracted considerable attention for both basic science research and practical studies. Despite the polycrystalline nature and some degree of non-uniformity of CVD
graphene ﬁlm, it has been demonstrated that devices made from CVD graphene be-
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have similar to exfoliated graphene, showing ambipolar ﬁeld-eﬀects and high-quality
2D electron gas QHE [83, 109, 110]. More recent studies reported that CVD single
crystal graphene devices encapsulated in h-BN (with sample size of ∼ 10 µm) achieve
room temperature mobility of ∼100,000 cm2 /V·s when an alternative transfer method
(delamination of graphene from Cu foils) was used [111].

2.1.3

Comparison between Atmospheric- and Low-Pressure CVD Techniques

The recipes of CVD graphene growth can vary between growth setups and various
research labs. The growth recipes are generally classiﬁed into two categories based
on the working pressure: low-pressure (LP) CVD and atmospheric pressure (AP)
CVD. The graphene growth pressure for LPCVD and APCVD are ∼ 0.1 − 1 Torr and
∼ 760 Torr [70, 83, 93], respectively. It has been observed that the growth kinetics
is diﬀerent for the APCVD and LPCVD techniques, resulting in variations in the
size, shape, and uniformity of graphene grains. For instance, the typical shape of
graphene grains grown in LPCVD is the lobe-ﬂower-shape [112], whereas a hexagonal
shape of graphene grains is often obtained in APCVD [93]. The kinetics of graphene
growth include several processes occurred on the Cu surface. These processes include
precursor adsorption, the formation of active carbon species, diﬀusion of active carbon
on the Cu surface, nucleation of graphene, and desorption of carbon from graphene.
Most of these processes are inﬂuenced by the working pressure and carrier gas (in
particular the amount of hydrogen H2 gas) of CVD and responsible for the diﬀerence
between the LP and AP growth of graphene. In recent reports, a range of working
pressures between 10 to 760 Torr and various ratios between carbon precursor and H2
have been explored [113, 114], enlarging the graphene single crystal grain size up to
millimeter-size. Table 2.2 summarizes a collection of CVD growth recipes of several
examples of graphene grown on Cu foils, the average size of graphene grain, and
ﬁeld-eﬀect (FE) mobility measured at room temperature unless stated otherwise. It
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is worth noting that the FE mobility of the CVD graphene as presented in Table
2.2 depends on grain boundaries and the size of graphene grains and even some of
them possess carrier mobility comparable to that of exfoliated graphene (measured
on similar Si/SiO2 substrates).

Table 2.2.
Collection of various growth parameters (working pressure, growth temperature, the ﬂow rate of methane (CH4 ) and H2 ), and sample characteristics (size of single crystal graphene grains and ﬁeld-eﬀect (FE) charge
carrier mobility measured at room temperature unless stated otherwise)
of CVD-grown graphene on Cu foils. Values are drawn from previous
references and from our work [115].
Working
Growth
pressure

temp. (◦ C)

CH4 (sccm)

H2 (sccm)

Average

FE mobility

grain size

at RT

(µm)

(cm2 /V·s)

(Torr)

a

0.5

1000

35

2

∼ 10 − 20

NA

[70]

0.16 − 0.46

1035

7 − 35

2

∼ 30

∼ 15, 000

[112]

0.04

1035

0.5 − 1.3

2

∼ 400

∼ 4000

[116]

760

1050

NA

760

1050

300

760

1050

30 − 40

10

1045

0.5

108

1077

0.15

310

c

a

[109]

∼ 2500

∼ 10

∼ 10, 000

∼ 10

∼ 5000

[115]

500

∼ 400

NA

[118]

70

∼ 2000

10
e

b

NA

460

f

Total gas ﬂow rate is 310 sccm (70 ppm CH4 , H2 /Ar = 1:30).
It was measured at ∼ 0.6 K.
c
8 − 50 ppm concentration in CH4 .
d
It was measured on a single crystal grain at ∼ 4 K.
e
500 ppm concentration in CH4 .
f
460 sccm of 5% H2 balanced in Ar.
g
It was measured on a single crystal grain at ∼ 4 K.
b

Ref.

∼ 11, 000

d

g

[93, 117]

[114]

33
2.1.4

Graphene Growth by Atmospheric-Pressure Chemical Vapor Deposition

In our experiments, we produce graphene grains (domains) and continuous graphene
ﬁlms on Cu foils using the atmospheric pressure (AP) CVD approach [93, 109, 119].
Figure 2.3 shows schematic and photographs of our CVD tube furnace system for
graphene synthesis.

Fig. 2.3. (a) Schematic and (b) photographs of tube furnace chemical
vapor deposition (CVD) system and the associated mass ﬂow controller
(MFC) system for graphene growth.
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Monolayer Graphene Growth
In the graphene growth experiment, a 2 µm-thick Cu foil substrate (99.8 % purity,
Alfa Aesar 46365) is cleaned by several chemicals to remove grease and native oxide
in the following sequence: acetone, isopropanol (IPA), dilute hydrochloric acid (3
− 5 wt% in DI water), DI water, and ﬁnally IPA. We dry thoroughly the cleaned
Cu foil with nitrogen gas and then load into the CVD tube furnace. We evacuate
the reaction chamber (quartz tube) down to 10 − 20 mTorr for 30 minutes. Before
heating, we restore the system pressure back to ambient pressure by ﬁlling forming gas
(5% H2 /Ar). The system temperature is then increased to 1050 ◦ C with the forming
gas ﬂow of 460 sccm. Without altering the forming gas ﬂow, we anneal the Cu foil
at 1050 ◦ C for at least 60 minutes, followed by a ∼ 80 minutes growth with methane
(CH4 , 500 ppm in Ar) gas ﬂow of 20 − 30 sccm. After the growth, we turn oﬀ the CH4
ﬂow and let the Cu foil to cool down. It is hard to visualize (continuous) graphene ﬁlm
on Cu foils because of the lack of optical contrast, so we transfer graphene ﬁlm onto
a Si substrate with a 285 nm-thick oxide to further characterize. Graphene grains (in
an early stage of graphene growth), however, become optically visible when the Cu
substrate is oxidized. Figure 2.4(a) presents a sample of graphene grains on Cu foil
after 150 ◦ C bake on a hotplate for 5 − 10 minutes. They are almost in hexagonal
shape with a typical size of ∼ 20 µm and not all of them arrange in the same direction
(with aligned edges). This indicates that CVD graphene ﬁlm is polycrystalline. An
example of a continuous (monolayer) graphene ﬁlm transferred on a Si substrate is
shown in Fig. 2.4(d).

Bilayer Graphene Growth
Bilayer graphene has distinctive electronic, vibrational and optical properties compared with monolayer graphene. These properties have generated huge interest in producing large-scale bilayer graphene using CVD technique. We grow bilayer graphene
grains in our experiments using the APCVD method with a diﬀerent recipe. Growth
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is conducted in a tube furnace at 1050 − 1070 ◦ C for 15 minutes. We have the same
pre-treatment for Cu foils (Alfa Aesar 13382) used for the synthesis. The Cu foil
is then pre-annealed at 1050 ◦ C for 3 hours before growth. Growth parameters (100
sccm CH4 , 170 sccm Ar, and 30 sccm H2 ) are employed. The sample is naturally
cooled down in forming gas ﬂow. Both AB-BLG and tBLG are present in the sample
prepared by this method. We can distinguish between AB-BLG and tBLG (or lattice
orientation between graphene layers) using Raman spectroscopy and edge misorientation, which is be discussed in chapter 3. Other possible methods for twist angle
determination are second harmonic microscopy [120] and electron diﬀraction (SAED)
available on transmission electron microscopy [121]. The tBLG samples used in the
experiments in chapters 3 and 4 are prepared by the same method. Figure 2.4(b) displays typical optical image of a transferred graphene bilayer grains on a Si substrate.
Monolayer and bilayer graphene areas can be identiﬁed from the color contrast and
Raman spectra. The ﬁrst layer grains have a typical size of ∼ 20 µm and largely
connect with neighboring grains. In contrast, the second layer grains (underneath
the ﬁrst layer) are often situated near the centers of the ﬁrst layer and have a typical
lateral size of a few microns.

CVD Graphene Transfer
Transferring as-grown graphene from a metal substrate to an insulating substrate
is critical for material characterizations and electronic device fabrication. All the
CVD graphene samples used in the experiments in this dissertation are transferred
by the PMMA-assisted method [70]. This method has been widely employed in the
graphene community because of its simplicity and reproducibility.
In a typical transfer (transfer method 1), a graphene ﬁlm on Cu substrate is
ﬁrst coated with Poly(methyl methacrylate) (950PMMA-A4 from MicroChem) by
spin-coating, and then slightly dries on a hotplate at around 120 ◦ C for 1 − 2 minutes. We remove the graphene on the reverse side (not covered by PMMA) of the
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Fig. 2.4. (a) Photograph of graphene grains on an oxidized Cu foil. (b)
Photograph of twisted bilayer graphene (tBLG) grains on a Si substrate
with ∼ 285 nm thermal oxide. (c) Three layers of stacked CVD graphene
on a cover glass made by consecutively transferring three graphene ﬁlms.
Optical contrast of the stacked graphene illustrates discernible diﬀerence
in the number of layers. (d) Optical image of a (continuous) monolayer
graphene ﬁlm transferred on a Si wafer with ∼ 285 nm oxide. The photographs in (c,d) have been published as ref. [115].

Cu by O2 plasma etching. The PMMA-graphene-Cu stack is ﬂoated on a copper
etchant overnight (0.25 g/mL iron(III) chloride (FeCl3 ) or ammonium persulfate
((NH4 )2 S2 O8 ) in DI water). We do not ﬁnd apparent diﬀerence in the properties
of graphene due to diﬀerent etchants. After the etching, the PMMA-graphene membrane (shown in Fig. 2.5(a)) is scooped out and transferred to several baths of DI
water and standard clean solutions for rinsing [122]. We then scoop out with a target
substrate (e.g., SiO2 /Si substrate) and dry in the air before dissolving the PMMA
with acetone. To improve the adhesion between graphene and substrate, we sometimes heat up the sample on a hot-plate at 80 − 120 ◦ C for a few minutes. We ﬁnally
rinse the sample in IPA and dry with nitrogen gas ﬂow. Figure 2.4(c) displays a
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three layer stacked graphene on a cover glass made by layer-by-layer transfer. We can
distinguish the number of graphene layers based on the diﬀerence in optical contrast
(light absorption). Figure 2.4(d) shows an optical image of a transferred (monolayer)
graphene ﬁlm on a Si substrate with a 285 nm-thick thermal oxide.
In the transfer method 1, water can get trapped easily at the interface of graphene
and substrate. This could dope the graphene and substantially inﬂuence the properties of graphene. To reduce moisture (trapped water or other possible chemicals) at
the interface, we perform the substrate contact part of the transfer in the air (transfer
method 2) instead of in water [123]. In method 2, a PMMA-coated graphene is adhered to a polymer frame with a hole at the center and suspended by Cu etching [123].
The polymer frame serves as a scaﬀold (see Fig. 2.5(b)) so that the PMMA/graphene
membrane does not collapse when picking up out of the surface of copper etchants.
We follow the similar cleaning procedure, as described in the method 1 to remove
residual etchant. The PMMA/graphene is gently blown dry with nitrogen and then
brought into contact with a target substrate. We do a 120 ◦ C bake on a hotplate for
around 5 minutes to promote adhesion between graphene and the substrate. We also
ﬁnd that the PMMA/graphene stack is relatively easy to adhere to a substrate when
the substrate warms up to mild temperatures (around 50 − 80 ◦ C).

Fig. 2.5. Transfer of CVD graphene samples. (a) Method 1: transparent
PMMA-graphene membrane ﬂoating on copper etchant. (b) Method 2:
polymer frame supported PMMA-graphene membrane (within the square)
ﬂoating on DI water.
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2.2

Raman Spectroscopy
Raman spectroscopy has been used extensively to study the electronic and vi-

brational properties of graphene samples. It is a swift and nondestructive method
to characterize the crystal quality, number of layers, doping level, and mechanical
strain of graphene through exciting phonon vibrational modes in graphene with a
monochromatic laser and probing electron-phonon interactions [52, 53, 58, 60]. For
light scattering oﬀ a crystal surface, most of the scattered photons have the same
energy as the incident photons (h̄ω L ). This elastic scattering (which both the energy
and momentum are conserved) is called the Rayleigh scattering. A small fraction
of scattered photons have diﬀerent energies from the incident photons owing to the
light-matter interaction, which excites some vibrational modes (also possible other
types of quasi-particles, such as magnons, plasmons and polaritons) in the crystal.
The scattering is inelastic (which only the momentum is conserved) and the process is
known as Stokes Raman scattering, with scattered photons observed at lower energies
(h̄(ω L −ω vib )). While the scattered photons having higher energies (h̄(ω L +ω vib )) than
the incident photons, the process is known as anti-Stokes Raman scattering. Raman
spectroscopy measures the change in photon energy due to these Raman scattering
processes. Since light sources used in Raman spectroscopy have large photon energies
but negligible momentum compared to the lattice vibrations (phonons) in the crystal, the conservation of the total momentum requires the emission of zero momentum
phonons (i.e., zone-center phonons or multiple phonons with net zero momentum) in
Raman scattering. However, the presence of defects and disorders in the crystal can
break the momentum conservation requirement.
In our experiments, most micro-Raman spectra were measured by two Raman
spectrometers: (1) a Horiba Xplora (equipped with 532 and 638 nm lasers, and situated in our lab at Purdue University) and (2) a Horiba Labram HR Raman Microscope
(equipped with 532 and 633 nm lasers, and situated in the lab of our collaborator Dr.
R. He at University of Northern Iowa). Both systems are equipped with a motorized
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Fig. 2.6. Schematic diagram of Raman measurement

scanning stage that allows Raman mapping. A typical confocal Raman set up is illustrated schematically in Fig. 2.6. The incident laser light is focused on the sample
with a spot size of around ﬁve hundred micrometers by a microscope objective (usually ×100 with a numerical aperture (N.A.) 0.8). The scattered light from the sample
is collected by the same objective and directed by a beam splitter to the spectrometer. A short-pass edge ﬁlter is employed to block the strong elastically scattered light
(Rayleigh scattering) and pass only the weak Raman signals with lower photon energies. The spectrometer has equipped with a thermo-electric cooled charge-coupled
device (CCD) array detector. For the Horiba Labram HR Raman microscope system,
a 532 nm Rayleigh ﬁlter enables access to ultra-low frequencies down to 20 cm-1 . This
is important for measuring the interlayer phonon vibrations which often have very
low frequencies. But the lowest frequency that can be accessed by the spectrometer
is about 70 cm-1 for the 633 nm laser diode. The spectral resolution of this system
is as low as about 0.5 cm-1 . As for the Horiba Xplora Raman microscopy system,
the lowest frequency for both 532 and 638 nm lasers that can be accessed by the
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spectrometer is about 70 cm-1 . The spectral resolution of this system is about 1.5
cm-1 .

2.3

Electrical Transport
To measure the temperature dependence of resistance and magneto resistance at

magnetic ﬁelds, we mount and wire-bond a sample on a chip carrier and then cool
down the sample using our variable temperature insert (VTI; sample in He4 vapor).
The VTI equips a 7 Tesla superconducting magnet from American Magnetics and the
measurement temperature can reach as low as 1.6 K. Besides, we also use the 18 Tesla
superconducting magnet with a helium-3 insert (SCM1 and SCM2) at National High
Magnetic Field Laboratory (NHMFL) to study some of our samples at high ﬁelds.
Transport measurements (both four-terminal and two-terminal) were performed
using a lock-in ampliﬁer (usually the SR830 lock-in ampliﬁer from Stanford Research)
at low frequency (< 20 Hz) with an excitation current of 10 − 1000 nA (0.1 − 1µA
for large devices and 10 − 100 nA for small devices of several tens of micrometers).
We use the doped Si substrate with a SiO2 (either 100 nm or 290 nm thickness SiO2 )
to gate the channel. It can be simply considered as a capacitor formed between a
graphene sheet and a Si gate electrode. We apply a gate voltage to the capacitor
using a Keithley 2400 source meter. This ﬁeld eﬀect control provides a great feasible
to modulate the charge density of graphene. In addition to SiO2 , we have used ion gel
electrolyte and h-BN as dielectrics, which is be discussed in diﬀerent chapters of this
dissertation. Figure 2.7 shows a graphene device on a doped Si substrate together
with electrical connections used to characterize the device. Longitudinal and Hall
resistances (Rxx and Rxy ) are obtained from the measured voltages (V xx and V xy )
divided by the excitation current Iex , respectively. For the quantum Hall eﬀect, it
is sometimes intuitive to express as longitudinal and Hall conductivities (σxx and
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σxy ), which are calculated from the measured resistivities according to the following
relations:
σxx =
σxy =

ρxx
,
2
+ Rxy

(2.1)

Rxy
,
2
+ Rxy

(2.2)

ρ2xx
2
ρxx

where ρxx = Rxx W
is longitudinal resistivity, W and L are the width and length of
L
the channel.

Fig. 2.7. Schematic view of a graphene ﬁeld eﬀect device on a doped
silicon substrate together with electrical connections used for transport
measurement. The charge density of graphene can be simply modulated
by applying a gate voltage (Vg ) between a graphene sheet and silicon gate
electrodes. The induced charge carrier (n) is proportional to Vg and the
gate dielectric capacitance per unit area (Cox ), n = Cox (Vg /e), where e is
the electron charge.
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3. LOW ENERGY RAMAN MODES IN TWISTED
BILAYER GRAPHENE
Twisted bilayer graphene (tBLG) is of interest and potential for novel applications,
whose physical properties are determined by the relative twist (rotation) angles (θ)
and interlayer couplings between layers. In this chapter, I present our Raman spectroscopy study of chemical vapor deposition (CVD) grown tBLG, with emphasis on
the low energy (frequency) phonons measured at various θ. We ﬁnd two new Raman
modes below 100 cm-1 in a small range of θ at which the intensity of the G Raman
band is largely enhanced. The two Raman modes (measured with laser wavelength
532 nm) are located at ∼ 94 cm-1 and ∼ 52 cm-1 . We assign the former one to the
fundamental layer breathing vibration (ZO’ mode), while its overtone was observed
in Bernal (AB)-stacked BLG [64, 124]. The later one has not observed previously in
the BLG system and is tentatively attributed to a torsion mode. Our experiment has
shown that these low energy modes and the G Raman mode share the same resonance
enhancement mechanism, as a function of θ. The ﬁndings presented in this chapter
have been published as ref. [125].

3.1

Introduction
In BLG exfoliated from highly oriented pyrolytic graphite (HOPG) crystals, the

top (upper) and bottom (lower) graphene layers usually form AB stacking in which
the carbon atoms of the B sublattice of the second layer sit on top of the A sublattice
carbon atoms of the ﬁrst graphene layer. The low energy (near the Dirac point)
electronic band structure of AB-BLG is characterized by two nearly parallel parabolic
conduction bands situated above another two nearly parallel parabolic valence bands,
with zero bandgap [46, 126, 127]. However, in tBLG in which the second graphene
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layer is rotated with respect to the ﬁrst layer, the low energy electronic band structure
can be represented by two Dirac cones separated by a wavevector that depends on
θ [66, 67]. While tBLG system maintains linear dispersion, van Hove singularities
(vHss) in the density of states (DOS) are created due to the coupling of the two
layers [66]. In addition, it has been shown that tBLG exhibits intriguing optical
features with absorption bands in the visible range [128, 129]. Hence, probing the
fundamental properties of tBLG is of interest and importance.
Phonons (lattice vibrations) play a crucial role in electron transport in BLG
through electron-phonon interactions [130]. Low energy phonons, for example, the
layer breathing mode (LBM) in which the two graphene layers vibrate out-of-phase
perpendicular to their planes, facilitate interlayer electron conduction in tBLG [131].
Raman spectroscopy is a noninvasive, direct, and sensitive probe of phonons (mostly
optical phonons) in graphene-based systems. It has been reported that the intensity
of the G Raman band and the position, linewidth, and intensity of the 2D Raman
band undergo characteristic changes as a function of θ [66, 67]. In addition, new
Raman lines, e.g., R and R’ peaks close to the G band, other lines around the D
band, and out-of-plane acoustic (ZA) and layer breathing (ZO’) modes (between 120
and 200 cm-1 ) are found in tBLG due to Raman processes in which ﬁnite wavevector
phonon scatterings are activated by involving angle dependent superlattice wavevectors [68, 132, 133].
In this chapter, we report the observation of two new low energy phonon modes
below 100 cm-1 in CVD-grown tBLG using Raman spectroscopy. Our experiments
provide new insights into the Raman scattering of tBLG with distinctive low-energy
vHss. The main observations are as follows:
1. For a given laser excitation energy, the two new low energy phonon modes only
occur in the vicinity of a speciﬁc θc (critical twist angle) where the G band
exhibits strong intensity enhancement. This behavior indicates that the two
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low energy Raman modes have similar resonance enhancement mechanism, as
observed in the G band of tBLG [66, 67].
2. The Raman peak at ∼ 94 cm-1 (measured with a 532 nm laser excitation),
referred to as ZO’L mode in this dissertation, is assigned to the fundamental
LBM (originating from the out-of-plane relative motions of the two graphene
layers). The Raman scattering of this mode can be comprehended by the double
resonance mechanism and may be mediated by the lattice of tBLG with a lack
of long-range translational symmetry.
3. Another peak at ∼ 52 cm-1 has not been previously observed in the BLG system
and is tentatively attributed to a torsion mode. More future work will be
necessary to understand this mode.
4. We also observe another fundamental ZO’ mode at a higher frequency above
100 cm-1 (referred to as ZO’H in this dissertation) which is understood to be
activated by the tBLG superlattice with wavevector q [134]. The coexistence of
two fundamental ZO’ Raman peaks stemming from phonons in diﬀerent parts of
the phonon BZ (with diﬀerent phonon wavevectors) suggests that although the
tBLG system lacks long-range translational symmetry, superlattice periodicity
can still be deﬁned.
5. In addition to the resonance enhancement of the intensities of the observed low
energy Raman modes, the intensity of the background on which the low energy
Raman peaks are superimposed is also enhanced near the θc . This broad and
enhanced background at low energy could be related to electronic excitations
in tBLG.

3.2

Sample Preparation and Characterizations
We prepared our graphene samples on copper foils by CVD at ambient pressure

(APCVD) [93, 117] and transferred them onto highly p-doped Si substrates with a
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285 nm-thick SiO2 for all subsequent measurements. Details of sample growth and
transfer procedures can be found in chapter 2 (section 2.1.2).

Fig. 3.1. A sample of twisted bilayer graphene (tBLG) domains grown by
atmospheric pressure chemical vapor deposition (APCVD). (a) Optical
image of tBLG domains transferred onto a Si substrate with ∼ 285 nm
thermal oxide. The domains mostly possess a hexagonal shape with edges
parallel to zigzag directions [93]. (b) Histogram of rotational angles (θ or
twist angles) of BLG domains in our CVD graphene sample determined by
G and 2D Raman features. A total of 81 BLG domains were measured for
the histogram. (c − e) Representative Raman spectra and optical images
of BLG domains with small, intermediate (near the critical angle (θc )
where G peak intensity is resonantly enhanced), and large θ. The larger
hexagonal ﬁrst (top) layer domains are delineated by black dashed lines,
and the smaller hexagonal second (bottom) layer domains are highlighted
by black solid lines for clarity. All Raman measurements were performed
at room temperature using a 532 nm laser excitation. The scale bars in
optical images of tBLG domains with θ of around 1.2◦ , 14◦ and 29◦ are 2,
3 and 5 µm, respectively.
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Figure 3.1(a) displays an optical image of CVD graphene transferred on a SiO2 /Si
substrate. Areas of monolayer (SLG) and bilayer graphene can be distinguished
from the color contrast. It is seen that ∼ 70 − 80 % of the substrate is covered by
graphene (polycrystalline composing of single crystal graphene domains). The ﬁrst
layer domains (monolayer) have a typical size of ∼ 20 µm and connect largely with
neighboring domains. The second layer domains (bilayer) are often situated near the
centers of the ﬁrst layer domains and have a typical lateral size of a few microns.
We can see that the graphene domains prepared by our CVD method are mostly
hexagon in shape, with edges parallel to zigzag directions of graphene lattice [93].
This facilitates the determination of the lattice orientation using these edges, which
is to be discussed below.

3.2.1

Twist Angle Determination by Raman Features and Edge Misorientation

Figure 3.1(c − e) shows three representative Raman spectra measured from tBLG
domains with diﬀerent θ. By comparing the G and 2D Raman band features (such as
Raman intensity and peak width), we can estimate θ, consistent with prior reports
[66, 67]. A discussion on the Raman characteristics (e.g., G and 2D Raman bands) of
tBLG is presented in chapter 1). The insets show the corresponding optical images
of each BLG domain. We mark the contours of the monolayer (dashed lines) and
bilayer (solid lines) graphene regions as guides to the eye. Figure 3.1(b) shows the
distribution of θ determined by the method of Raman features for a total of 81 BLG
domains.
Twist (misorientation) angle can also be estimated by a diﬀerent method, measuring the angle diﬀerence between neighboring edges of the ﬁrst and the second
layer domains [79]. We summarize the G and 2D Raman features as functions of θ
in Appendix, Fig. A.1, where θ is determined by the method of edge misorientation
(measuring θ between hexagonal edges of the two graphene layers) for the same BLG
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samples shown in Fig. 3.1(b). For comparison, we present a histogram of BLG’s θ
(see Fig. 3.2) based on the relative orientations between the edges of top and bottom (the ﬁrst and the second) graphene layers in optical images. As shown in Figs.
3.1(b) and 3.2, both methods give consistent estimation of θ (within ∼ 2◦ diﬀerence).
The distribution of θ indicates that our CVD growth at ambient pressure favors energetically tBLG with large θ (20◦ – 30◦ ) and only 10 − 20 % of measured BLG
grains behave similar to AB-BLG (see Appendix A). This is very diﬀerent from the
bilayer graphene grown by low-pressure (LP) CVD that are highly in AB-stacking
order (without twisting) [135, 136]. This result reveals that the distribution of θ in
tBLG depends on the growth conditions, which has an impact on the growth kinetics
of graphene.

Fig. 3.2. Histogram of θ of our BLG samples determined by the relative
orientations between the edges of top and bottom graphene layers. Examples are presented in the insets of Fig. 3.1(c − e). This histogram and the
one shown in Fig. 3.1(b) are based on diﬀerent characterization methods
on the same 81 BLG domains. More than 80 % of grains measured are
tBLG and only 10 − 20 % are Bernal-stacked BLG (see Appendix A).
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3.2.2

AFM Characterization

We further characterize the thickness and surface morphology of BLG domains
by AFM (performed in the tapping mode at ambient conditions using an NT-MDT
Ntegra Prima system). Figure 3.3 displays a representative AFM image of bilayer
domain and step height proﬁles measured at the edges of the ﬁrst and the second
layers (along the green dashed line and the black dashed line, respectively). The
thicknesses of the ﬁrst and the second layers are ∼ 1.5 nm and ∼ 0.5 nm, respectively.
The deviations from the expected SLG thickness and interlayer spacing (∼ 0.35 nm
per layer [137]) could be due to adsorbed molecules on the surface of graphene and
underneath the graphene (between graphene and SiO2 ), diﬀerent θ in tBLG, wrinkles,
and tip-substrate interaction [138]. In Fig. 3.3(a) we ﬁnd many impurities and
residues (seen as bright spots in the image) on the surface of the sample. These
residues are probably PMMA residues due to PMMA-assisted transfer and usually
p-dope graphene [139], similar to the inﬂuence of water vapor and oxygen [140]. The
similarities in the G and 2D Raman features between our samples (see Appendices
A,B and C) and those obtained in suspended tBLG [66] indicate that doping caused by
the substrate and impurities does not have substantial impact on our Raman spectra.
In addition, the residues are on the surface of the samples and not in between the
two graphene layers which are in full contact and grown naturally by CVD [67]. We
thus do not expect a strong eﬀect of these impurities on the low-energy vibrational
modes that arise from the relative or in-phase motion of the two graphene layers.
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Fig. 3.3. (a) AFM image of a bilayer domain on Si substrate with a
∼ 285 nm-thick thermal oxide. The second (bottom) layer exhibits a
weaker color contrast compared to the ﬁrst (top) layer. The bright spots
are impurities or residues due to the transfer process. (b) Height proﬁle
measured along the dashed green line in (a), showing the height of the ﬁrst
graphene layer with respect to the substrate surface. (c) Height proﬁle
measured along the dashed blue line in (a), showing the height of the
second graphene layer with respect to the ﬁrst layer.

3.3

Low Energy Raman Characteristics
Five representative Raman spectra measured down to low Raman shifts (<100

cm-1 ) from our probes of ﬁve diﬀerent bilayer domains are presented in Fig. 3.4. A
spectrum from SLG is included for comparison. From the positions, linewidths and
intensities of the R, G and 2D Raman bands, we can approximately determine θ in
these bilayer domains (labeled in Fig. 3.4). For 532 nm laser excitation, we see that
the G peak intensity reaches maximum and concomitantly the 2D band exhibits the
largest blueshift from that of the SLG when the θ is near the critical twist angle (θc )
= 12◦ (see the red spectrum in Fig. 3.4) [67]. Qualitatively similar phenomena are
found for the 633 nm laser excitation (see Appendix B), indicating that θc varies for
diﬀerent laser excitation energies [66]. All Raman data, presented in the rest of this
chapter are measured with a 532 nm laser excitation unless otherwise stated. The
D peak intensity is very low or negligible in most bilayer domains that we studied,
implying high quality of graphene layers. In addition to the G and 2D bands, we
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observe several low energy Raman modes and a strong background on which the low
energy Raman modes superimpose when the θ is close to θc . A representative zoomedin low-energy spectrum is presented in the left inset of Fig. 3.4, whereas the right
inset of Fig. 3.4 shows the same spectrum after background subtraction (highlighted
by the dashed line in the left inset). We observe four Raman modes (as shown by
4 Lorentzian peaks after the spectrum is decomposed) within the range of 30 − 200
cm-1 . These low energy Raman features, particularly the two newly-observed modes
below 100 cm-1 , are the main subject of this chapter.
Low-energy phonon dispersion in tBLG has not been well-studied thus far. Theoretical calculation of dispersion curves of low-energy phonons of tBLG is very challenging owing to the need of a very large unit cell size. Only limited experimental study of
low energy phonons (in the range 100 − 200 cm-1 ) and dispersions have been reported
in the literature [134]. These phonons of above 100 cm-1 are described by Raman
√
scattering processes mediated by the superlattice wavevector q = (8π/ 3a) sin(θ/2)
(here a = 2.46 ˚
A) which depends only on the θ [68, 134]. The frequency-wavevector
relation for these phonons overlaps with the SLG and the ZO’ (LBM as schematically
presented in Fig. 3.8(b)) phonon dispersion curve of AB-stacked BLG [134]. Figure
3.9 shows low-frequency dispersion (below 200 cm-1 ) of phonon modes that have been
observed in our work in Raman spectra from tBLG.
Figure 3.5 (a − b) displays original and background-subtracted low-energy Raman
spectra from several diﬀerent bilayer domains ranging from ∼ 10◦ (< θc ) to ∼ 14◦
(> θc ). The θ of these bilayer domains we determined from the R, G and 2D Raman
characteristics (spectra are shown in Appendices A and B). We observe two modes
highlighted by asterisks and squares between 130 − 180 cm-1 (see Fig. 3.5 (b)). The
frequencies of these two modes blueshift monotonically with increasing the θ and
agree well with those reported in ref. [134]. These two modes denoted by squares and
asterisks are attributed to out-of-plane acoustic (ZA) modes and fundamental layer
breathing (ZO’), respectively [134]. They are activated by the superlattice (moiré
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Fig. 3.4. Raman spectra from tBLG domains with various θ. A spectrum
from SLG is included for comparison. The vertical scale is the same
before and after the break on the horizontal axis. We deﬁne the lowenergy background intensity to be the height intensity of the envelope (at
70 cm-1 ) on which the low-energy Raman peaks superimpose (shown by
the black vertical arrow for the spectrum with θ ∼ 12◦ ). The left inset
displays a zoomed-in low-energy spectrum. The right inset displays the
same spectrum after subtraction of the background envelope highlighted
by the dashed line shown in the left inset. The spectrum is decomposed
into up to four Lorentzian peaks.

pattern) formed in tBLG [68]. The momentum conservation condition is satisﬁed
by the involvement of superlattice wavevector q (see cartoon in Fig. 3.8(a)). The
magnitudes of the scattered phonons thus is equivalent to that of q, which depends
on the θ and is about 0.62/0.52 ˚
A-1 for θ ∼ θc (≈ 12◦ /10◦ ) for 532/633 nm laser
excitation. The points enclosed in a dashed circle in Fig. 3.9 show the frequencies
and wavevectors of these ZO’ and ZA phonons activated by the tBLG superlattice.
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Fig. 3.5. (a) and (b) Original and background-subtracted low-frequency
Raman spectra from six diﬀerent bilayer domains with θ in the vicinity
of θc . Full spectra including the R, G and 2D bands are depicted in
Appendix C. Based upon the R peak position, we determine that the θ
varies from ∼ 11◦ to ∼ 14◦ . In (b), the gray vertical bars highlight X
and ZO’L modes. The squares and asterisks mark ZA and ZO’H modes,
respectively. All spectra are measured by a 532 nm laser excitation.

In Fig. 3.5 (a) and (b), we see two even lower frequency modes in addition to the
modes between 130 cm-1 and 180 cm-1 . The lowest observed frequency mode (labeled
as X ) appears at ∼ 52 cm-1 . The next higher frequency mode is found at ∼ 94 cm-1 ,
which is close to the frequency of the ZO’ mode calculated for and inferred from the
observed overtone (2ZO’) in AB-stacked BLG [64, 141, 142]. Hence, we assign this
mode to another fundamental LBM ZO’ whose phonon wavevector q’ diﬀers from the
superlattice wavevector q. Since this ZO’ frequency is lower than that induced by the
superlattice, we name this ZO’ at 94 cm-1 as ZO’L and the ZO’ at higher frequency
of above 100 cm-1 as ZO’H .
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3.3.1

Layer Breathing Mode, ZO’L

It has been shown by Kim et al. that the integrated intensity of the 2D Raman
peak of tBLG increases monotonically with θ in the vicinity of θc [66]. Their studies
were conducted on suspended tBLG by consecutively transferring two SLG on a holey
carbon TEM grid where the eﬀects due to the substrates (e.g., doping) are minimized.
The same relation between 2D Raman integrated intensity and θ is also observed in
our samples (see Appendix A) This suggests it is reasonable to use the integrated
intensity of the 2D peak to characterize the twist angle of our samples. Therefore, we
summarize our measurements of the ZO’L mode by plotting the position, bandwidth,
and integrated intensities of this mode as a function of normalized 2D Raman intensity
(I2D , normalized to the intensity of SLG, i.e., take the ratio of 2D integrated intensity
of BLG to that of the SLG on the sample). Because the G-peak position is sensitive
to doping [60, 130], we also plot the G-peak frequency as a function of normalized
I2D . The G-peak frequency vs normalized I2D plot is very similar to that obtained
in suspended tBLG samples reported by Kim et al. [66]. This further conﬁrms that
doping by the substrate is not a major concern in our studies of the low energy modes
as a function of twist angle. By comparing the Raman spectra of our SLG domains
on the same substrate with previous Raman studies of strained graphene [58,143], we
conﬁrm that strain is not substantial in our samples.
Figure 3.6 (a,b) display the evolution of frequency and full-width-at-half-maximum
(fwhm) of the ZO’L mode as a function of normalized I2D . The range from 1.1 to 2.2 of
the normalized I2D corresponds to a range of θ from ∼ 10◦ to ∼ 16◦ . It is seen that the
frequency of this ZO’L mode (ω ZO’L ) increases with increasing normalized I2D when
the normalized I2D is below 1.5 (or when θ < 12◦ ) [66]. The frequency ω ZO’L becomes
almost constant after the normalized I2D is greater than 1.5 (or when θ > 12◦ ). Figure
3.6(b) shows that the fwhm of the ZO’L mode decreases with increasing normalized
I2D when it is below 1.5 (θ < 12◦ ) and that it also becomes nearly constant when
the normalized I2D is greater than 1.5 (θ > 12◦ ). These results indicate that the
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Fig. 3.6. (a), (b) and (c) Frequency, full-width-at-half-maximum (fwhm),
and integrated intensity of the ZO’L mode versus normalized I2D , respectively. The normalized I2D is deﬁned as the ratio of the integrated 2D
intensity of each bilayer domain to that of a single layer. The data are
measured from a series of tBLG domains with twist angle θ ranging from
∼ 10◦ to ∼ 15◦ , which corresponds to normalized I2D ranging from 1.1−2.2.
(d) and (e) Background intensity at 70 cm-1 (see Fig. 3.4 and its caption)
and integrated intensity of the G peak as a function of the normalized I2D ,
respectively. The horizontal lines in these two panels show the respective
values of a single layer. The thick curves in each panel are guides to the
eye. All results are obtained using a 532 nm laser excitation.
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Fig. 3.7. Peak frequency and fwhm of the ZO’L mode as a function of the
R mode frequency. The thick curves in each panel are guides to the eye.

dramatic transitions in the frequency and fwhm of the ZO’L mode occur when θ ∼ θc .
In order to conﬁrm the characteristics of the ZO’L mode, we also plot (see Fig. 3.7)
the position and width of this peak as a function of the R mode frequency which
decreases monotonically with θ [134]. Similar trends as those plotted as a function of
normalized I2D are observed.
The coexistence of two ZO’ phonons with diﬀerent wavevectors is a novel phenomenon. Because the ZO’H phonons wavevector is deﬁned by the tBLG superlattice,
the fundamental ZO’L mode that we observe for the ﬁrst time in Raman scattering
from tBLG must be activated by a diﬀerent wavevector that satisﬁes the momentum
conservation requirement. We propose that the ZO’L mode at ∼ 94 cm-1 is facilitated
by the tBLG crystal lattice which lacks translational symmetry. The Raman process
for this ZO’L phonon is an intravalley scattering process [64, 141] and involves four
steps (see Fig. 3.8(c − e)) : (i) The incident photon creates an electron-hole pair; (ii)
The electron/hole is scattered by a tBLG crystal lattice (shown by the dashed arrow
which provides a momentum q’); (iii) The electron/hole is scattered by a phonon with
wavevector kZOL0 ; (iv) Electron-hole recombination. In k-space, the Dirac cones from
top and bottom graphene layers (located at Ka and Kb ) are separated from each other
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by a distance that depends on the twist angle θ (see Fig. 3.8(a)) [66, 68]. The larger
the θ, the more separated the Ka and Kb points, and thus more distant the two Dirac
cones are. When θ = θc (see Fig. 3.8(d)), the incident photon energy h̄ωin equals the
energy diﬀerence between the conduction and valence van Hove singularities [66, 67].
¯ F k, where
Because tBLG maintains linear electronic dispersion of SLG, i.e., E = hν
the Fermi velocity (νF ≈ 1 × 106 m/s) and E = 2.33 eV for a 532 nm photon, we can
˚-1 under 532
estimate the magnitude of the phonon wavevector kZO’L = q’ = 0.36 A
nm laser excitation. In this case, the magnitude of kZO’L or q’ is roughly half of the
superlattice wavevector q = 0.62 - 0.67 ˚
A-1 (θ ≈ 12◦ − 13◦ ) and equals the distance
of Ka and Kb (as shown in Fig. 3.8(a) and (d)). The observed phonon frequency
(94 cm-1 ) and the phonon wavevector kZO’L are in excellent agreement with the ZO’
phonon dispersion in AB-BLG (see the two points uncircled in 3.9 for 532 nm and 633
nm laser excitations) [54,141,144,145], which conﬁrms our assignment of this mode to
the layer breathing mode ZO’L . It is worthwhile noting that momentum conservation
in the Raman process is achieved through an intermediate step shown by the dashed
arrow in Fig. 3.8(d). It is unlikely that this step is due to defect-induced scattering
since the Raman intensity of the D band is reasonably weak in our samples (see the
full Raman spectra in Fig. 3.4 (a)).
Therefore, this intermediate step is likely due to scattering of electrons by the
tBLG crystal lattice, which lacks long range periodicity (lattice translational symmetry) [68,135]. This activation process is conﬁrmed by the absence of the fundamental
ZO’L mode Raman scattering from AB-BLG that has long-range lattice translational
symmetries [64,141,146]. In AB-BLG in which scattering due to tBLG crystal lattice
is absent, the second-order (2ZO’) mode in which momentum conservation is satisﬁed by involving two ZO’ phonons with opposite wavevectors, displays strong Raman
intensity [64]. In tBLG, however, the overtone mode (2(ZO’L ), expected to occur at
∼ 188 cm-1 ) is not observed (see Fig. 3.5 (a − b)). Further studies are required to
understand the mechanism causing the absence of 2(ZO’L ) in tBLG. In addition, this

57
ZO’L phonon softens under 633 nm laser excitation (see appendix B) , which further
conﬁrms that this phonon has a nonzero wavevector and that the scattering process
can be explained by the double resonance mechanism.

Fig. 3.8. (a) The ﬁrst Brillouin zone in the electronic band structure of
tBLG with twist angle θ. Ka and K’a are two adjacent Dirac points of
the ﬁrst graphene layer. Kb √
and K’b are the two adjacent Dirac points of
the second layer. q = (8π/ 3a) sin(θ/2) is the wavevector of the tBLG
superlattice (moiré pattern), where a is 2.46 ˚
A. q’ = (8π/3a) sin(θ/2) is
the separation between Ka and Kb . (b) Schematic drawings of motions of
atoms in the layer breathing (ZO’) and torsion (X ) modes. (c), (d), and
(e) Schematic drawings of Raman processes of ZO’L phonon when θ is less,
equal to, or greater than the θc , respectively. hω
¯ in is the incident photon
energy. hω
¯ out is the scattered photon energy. hω
¯ ZO’L is the phonon energy.
The dashed arrows show the scattering of electrons by the tBLG crystal
lattice. This scattering is elastic and is characterized by the wavevector
q’. kZO’L is the wavevector of the ZO’L phonon. The portions of the two
Dirac cones (at Dirac points Ka and Kb ) that overlap are shown in blue.
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When θ < θc , the two Dirac cones have substantial overlap. The Raman process
accesses the overlapped area (involving both Dirac cones at locations Ka and Kb )
and allows phonons with wavevector kZO’L less than 0.36 ˚
A-1 to contribute to the
Raman spectra (see Fig. 3.8(c)). In this framework, the fwhm of this ZO’L mode
will increase as θ decreases (as the area of overlapped Dirac cones increases), which is
supported by our observation shown in Fig. 3.6(b). In addition, the frequency of this
ZO’L mode should reduce slightly as θ decreases away from θc as the overlapped Dirac
˚-1 to contribute to
cones enable ZO’L phonon with wavevector kZO’L less than 0.36 A
the Raman spectra, which would lower the phonon energy (based on the ZO’ phonon
dispersion predicted in BLG [54, 141, 144, 145]). Our observation of ZO’L phonon
softening and broadening for θ < θc (see Fig. 3.6 (a)) conﬁrms this interpretation
and shows that the phonon wavectors kZO’L (or q’) is not uniquely deﬁned by θ. For
θ < θc , kZO’L and q’ can have multiple values depending on the degree of overlap of
the two Dirac cones (see Fig. 3.8(c)). This is very diﬀerent from the superlattice
wavevector q which is solely determined by the θ.
For θ > θc , the Raman process does not access overlapped Dirac cones (see Fig.
3.8 (e)). Even if the area of Dirac cone overlap decreases as θ increases, it should
not aﬀect the ZO’L phonon wavevector involved in the Raman process. This agrees
well with our observation that the frequency and fwhm of the ZO’L mode remain
unchanged when θ > θc , as shown in Fig. 3.6 (a) and (b). These results indicate that
the ZO’L phonon is not very sensitive to the twisting of the two graphene layers for
θ ≥ θc . This feature of the ZO’L mode is very diﬀerent from that of the ZO’H and
other Raman modes, e.g., R and R’, whose frequencies vary monotonically with the θ
and are sensitive to θ for both θ > θc and θ < θc [134]. This diﬀerence indicates that
the ZO’L mode does have a diﬀerent Raman scattering mechanism from those phonons
which are activated by the tBLG superlattice. The double resonance mechanism that
we proposed above qualitatively explains the characteristics of the ZO’L mode as a
function of θ.
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The tBLG system allows us to probe the dispersion of the layer breathing mode
ZO’ in a broad range oﬀ the Brillouin zone (BZ) center (see Fig. 3.9). Our measurements show that the dispersion of the ZO’ mode in tBLG is similar to that of
AB-BLG [64], which indicates that the interlayer out-of-plane vibrations of tBLG are
comparable to those of AB-BLG for θ ∼ θc , consistent with the calculation shown in
ref. [147]. The emergence of this fundamental layer breathing (ZO’) vibration in the
twisted BLG system (known to be silent in AB-BLG and graphite [53]) implies that
the crystal symmetry that makes the ZO’ silent in AB-BLG is lifted in tBLG.
Figure 3.6 (c) displays the change of integrated intensity of the ZO’L mode as a
function of normalized I2D (and thus as a function of θ). It is seen that the ZO’L
mode intensity is strongly enhanced when the normalized I2D is ∼ 1.6, consistent
with the critical value of 1.5 found in the changes in the frequency (Fig. 3.6 (a))
and fwhm (Fig. 3.6 (b)) of this mode. The normalized I2D of ∼ 1.6 corresponds to
θ ≈ 12.5◦ , which agrees well with the value of θc [67]. This observation indicates that
the Raman intensity of the ZO’L phonon displays large resonance enhancement at
θc , where the intensity of the G Raman peak is also enhanced (see Fig. 3.6 (e) and
Refs [66, 67]). Our observation suggests that the ZO’L and the G modes share the
same resonance enhancement mechanism arising from van Hove singularities in the
DOS in the tBLG system [66, 67]. The ratio of integrated intensities of the ZO’L and
G peaks reaches a maximum value of ∼ 7% at resonance. It is very impressive that
when θ overlaps θc the intensity of the ZO’L peak is comparable to that of the G band
(oﬀ resonance), and that it is much stronger than the intensities of ZA, ZO’H , R and
R’ peaks, as shown in Fig. 3.4. This diﬀerence in resonance enhancement between
the ZO’L and other modes further conﬁrms that the Raman scattering mechanisms of
these modes are diﬀerent. The ZO’L mode which involves optical transitions between
the conduction and valence van Hove singularities (see Fig. 3.8 (d)) are strongly
enhanced, whereas the ZA, ZO’H , R and R’ modes due to superlattice scattering are
not subject to the same enhancement. It is not clear why only the ZO’L line and no
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˚-1 . We speculate
phonons from other branches are observed for wavevector q’ ≈ 0.36 A
that this could be linked to the large strength of electron-phonon matrix element of
the ZO’ vibration. When θ diﬀers from θc signiﬁcantly (θ < 10◦ or > 15◦ ), this ZO’L
mode is not observed, likely due to its intensity becoming too weak to be detected.

Fig. 3.9. Low-frequency phonon dispersion (for more information see
Refs. [54, 134, 141]). Diﬀerent phonon branches (e.g., Transverse and longitudinal acoustic (TA and LA), out-of-plane acoustic (ZA) and layer
breathing (ZO’) branches) are labeled. Date points determined by a 532
nm laser excitation are plotted in green, and those determined from a 633
nm laser excitation are plotted in red.
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3.3.2

Background Intensity Enhancement

Another striking feature of the θ-dependent Raman spectra from tBLG is the large
enhancement of the background intensity of low energy Raman modes at θc . The background envelope on which the low-energy Raman lines superimpose (as highlighted
by dashed lines in Fig. 3.5 (a)) is steepest for θ ∼ θc . We deﬁne the height intensity
of this background envelope at 70 cm-1 as the low-energy background intensity (as
illustrated by the vertical arrow for the spectrum with θ ∼ 12◦ in Fig. 3.4). Figure
3.7 (d) displays the change of this low-energy background intensity as a function of
the normalized I2D (and thus as a function of θ). It is seen that this low-energy
background intensity also reaches maximum at θc (when the normalized I2D is ∼ 1.6),
similar to the resonance enhancements of the ZO’L and G Raman peaks. We speculate that this broad low-energy background envelope which is largely enhanced at
the θc may be related to electronic relaxation during electronic absorption resonances
in tBLG [148]. Further investigations are required to understand the origin of this
enhanced low energy background.

3.3.3

Another Low-Energy Raman Mode Near 52 cm-1

Figures 3.4 and 3.5 shows that in addition to the two ZO’ modes and ZA mode,
an even lower energy mode around 52 cm-1 (X mode) is observed for θ ∼ θc . This
“X ”mode appears to exhibit similar resonance enhancement as the ZO’L and G modes
do near the θc , and may be too weak to be seen when θ is oﬀ θc . Like the two ZO’
modes, this X mode is also only observed in tBLG, and is not observed in ABBLG [146]. On the other hand, previous experiments on AB-BLG observed a shear
mode (i.e., the C mode, occurring at ∼ 31 cm-1 ) that originates from the relative
in-plane sliding of the two graphene layers [146]. An interlayer coupling strength
of ∼ 12.8 × 1018 Nm-3 is estimated from the position of the C mode in AB-stacked
graphene layers [146]. In our measurements of tBLG, the rising background below 50
cm-1 (see Figs. 3.4 and 3.5 makes it very challenging to resolve and investigate the C
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mode (usually very weak in bilayer graphene) in our samples. Hence, it is hard for us
to estimate the interlayer coupling constant from the C mode of tBLG and compares
it to that of AB-stacked graphene or graphite. The frequency of this X mode is much
˚-1 (see
higher than that of the ZA mode with the phonon wavevector of ∼ 0.36 A
Fig. 3.9). Therefore, the X mode cannot be assigned to a ZA phonon due to double
resonance scattering, unlike the ZO’L mode. The exact nature of the X mode that we
observe in tBLG is not yet clear at this time. We believe that the X mode is a diﬀerent
mode from the C mode since the position, linewidth, and lineshape of the two modes
are very diﬀerent. The C mode in AB-stacked graphene has a narrow (a few cm-1 in
width) asymmetric Fano lineshape that results from quantum interference between a
discrete phonon state and a relatively broad continuum of electronic or multiphonon
transitions [146]. In contrast, the X and ZO’L modes in tBLG have larger fwhm
(10 − 15 cm-1 ) and Lorentzian lineshapes (see Fig. 3.4), which are similar to those of
the G Raman peak. This observation suggests that the X and ZO’L peaks (frequency
and linewidth) may be tunable by carrier density via the electron-phonon coupling.
We suggest that one possible assignment for the X mode may be a torsional motion in which the top and bottom graphene layers execute out-of-phase rotations as
schematically shown in Fig. 3.8 (b). There will be multiple approximate symmetries
for various θ (0◦ ≤ θ ≤ 30◦ ), and the potential energy landscape should be characterized by small energy barriers between adjacent conﬁgurations, promoting low-energy
torsional motions about a particular θ [149]. Analogous low-energy motions are seen
in C60 , where electron-phonon interactions give rise to low-energy torsional motions
about distortion conﬁgurations [149]. In the tBLG system, the observed resonance
enhancement of Raman scattering intensity from this torsion mode near θc could
result from electron-phonon coupling.
Such torsional modes in layered materials have received very little investigation
so far. Studies of torsional modes in spherical materials such as nanoparticles have
shown that if the shape of the particles is asymmetric due to deformation, torsional
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modes can be observed in low-frequency Raman scattering [150, 151]. Based on this
scenario, we speculate that the presence of a torsional mode in tBLG could be related
to the lack of long-range translational symmetry in the system. The apparent absence
of torsional modes in AB-BLG may follow simply from the absence of rotations in
the translational symmetry group: the energy cost of a small-angle rotation is greater
than shear mode translations [149].
Unlike the ZO mode which is an out-of-plane vibrational mode, the relative inplane motion, such as the C mode and the torsional mode, of tBLG is expected to
exhibit signiﬁcant changes in comparison to that in AB-BLG since tBLG has very
little potential energy barrier to relative interlayer motion, as evidenced by superlubricity of rotated graphite [152] and multilayer graphene system [135]. The interlayer
coupling in tBLG relevant for the X (torsion) mode could be linked to a restoring force that tends to rotate the twisted graphene layers to their natural stacking
structures [135] and/or moiré periodic potentials formed in two rotated honeycomb
lattices [42,143,153,154]. The presence of the X (torsion) mode and the fundamental
layer breathing mode suggests that the two layers in tBLG do couple to each other,
consistent with the existence of interlayer transport in tBLG [131, 155, 156].

3.4

Conclusions
In summary, we observe two Raman modes below 100 cm-1 , which are previously

unobserved in AB-BLG, in tBLG when the θ is close to the θc at which the intensity
of the G Raman peak is largely enhanced. We assign the mode observed at ∼ 94 cm-1
(measured with a 532 nm laser) to the fundamental layer breathing mode ZO’L . The
intensities of this ZO’L mode and the background envelope on which the low energy
Raman lines superimpose shows strong resonance enhancements near θ, concomitant
with the strong enhancement of the G Raman peak. The changes in position and
linewidth of this mode as a function of θ can be understood by the double resonance
mechanism, revealing that the inﬂuence of angle-dependent electronic band overlaps
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on the Raman spectra. We also simultaneously observe another higher frequency
mode ZO’H induced by superlattice modulation in Raman spectra. The other lowenergy Raman mode observed at ∼ 52 cm-1 we attribute tentatively to the torsion
mode in which the two graphene layers rotate in the plane with respect to each other.
Our studies demonstrate that tBLG is a new system which exhibits fundamental
properties that are distinct from those of AB-BLG.
After publishing this work in 2013, we have employed Raman spectroscopy and
ionic liquid gating to investigate doping dependence of the Raman modes in tBLG,
which will be discussed in next chapter. We have also gained better understanding
the resonant Raman enhancement in twisted bi-layer and few-layer graphene systems.
Eliel et al. measured the Raman excitation proﬁle (REP) of the G band in tBLG with
various θ [157] using twelve diﬀerent laser excitation wavelengths. They found good
agreement with previous optical absorption experiment in tBLG [158], indicating
a strong relation between Raman enhancement and optical absorption. They also
observed that the REP of the G band in tBLG is much broader than the REP of
the Raman modes of carbon nanotubes (which exhibit resonant enhancement due to
vHSs), suggesting extra interactions between charge particles unique in the resonance
Raman process in tBLG [157]. Furthermore, Wu et al. studied the low frequency
Raman resonance spectra of twisted multilayer graphene in which the intensities of
the C and LB modes are largely enhanced under speciﬁc excitation energies due to
resonance similar to the tBLG studied in this chapter [159, 160]. They observed that
twisting mostly aﬀects shear interactions but a small eﬀect on LBMs. However, there
are several open questions remained in tBLG system, for example, the origin of the
broad and enhanced background at low energy, which phonon branch the Raman
peak at ∼ 52 cm-1 belongs to, and experimental evidence of the zone-folded phonon
modes. Future experiments on tBLG or related systems are needed to address these
open questions.
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In addition to Raman scattering, Patel et al. performed 1-photon and 2-photon
transient absorption (TA) measurements in resonantly excited tBLG, revealing strong
electronic relaxation bottleneck attributed to a bound and dark exciton state below
and close to the VHS energy of tBLG [148]. Mahapatra et al. studied the thermoelectric properties of tBLG, where the cross-plane thermovoltage is nonmonotonic in
both temperature and carrier density, deviated from the typical Landauer-Buttiker
formalism [161]. Future works will be needed to understand the discrepancy and the
inﬂuence of interlayer phonons on the thermoelectric properties of tBLG.
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4. GATE-INDUCED ASYMMETRIC DOPING IN
TWISTED BILAYER GRAPHENE
The previous chapter has been devoted primarily to investigation of low frequency
(energy) Raman modes of twisted bilayer graphene (tBLG). Similar to mononlayer
graphene (SLG) and other atomically-thin two-dimensional (2D) materials, charge
carriers in bilayer graphene can be easily modulated by an external electric ﬁeld.
In this chapter, we investigate the eﬀect of doping (electric ﬁeld) on the vibrational
properties of tBLG. In particular, we study the high frequency Raman modes (e.g.,
G, R (a superlattice-induced phonon mode in tBLG [68, 69]) and 2D Raman bands)
in tBLG devices with ion gel gate dielectrics using Raman spectroscopy. These tBLG
are in the twist angle (θ) regime where a resonantly enhanced G peak can be seen.
We observe prominent splitting and intensity quenching on the G band when the carrier density is tuned away from charge neutrality. These experimental observations
can be accounted for by an asymmetric charge doping and a suppression of resonant
interband transitions between the two saddle points (at which van Hove singularities
(vHss) locate) under gate-tunning. We also estimate the eﬀective interlayer capacitance at low doping density in tBLG using an interlayer screening model. In addition
to the G band, we ﬁnd a softening (hardening) of the R band in electron (hole) doping.
The results discussed in this chapter have been published as ref. [162].

4.1

Introduction
Recently, there has been growing interest in 2D van der Waals (vdW) materials

and (hetero-)structures in which interlayer coupling (interaction) can signiﬁcantly
inﬂuence these systems properties and functionalities [75, 163–170]. New physical
(electronic, vibrational, and optical) properties have been demonstrated in tBLG
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through changed interlayer interaction at various twist angles (θ) [34,35,39,40,42,171].
Angle-resolved photoemission spectroscopy study has shown that tBLG possesses
weak interlayer coupling as revealed by the presence of vHss in the density of states
(DOS) at the overlap (saddle point) of two SLG Dirac cones [42]. Furthermore,
scanning tunneling microscopy and spectroscopy studies have found peaks and crests
in the DOS of tBLG, indicating low-energy, θ-dependent vHss and superlattice Dirac
cones [41, 47, 172]. In addition, numerous optical techniques have been employed to
investigate the optical and vibrational properties related to the low-energy vHss of
tBLG [66–69,125,128,158,173,174]. These studies have demonstrated that tBLG is an
interesting platform for exploring the inﬂuence of interlayer interactions on physical
properties of few-layer graphene and similar 2D layered materials.
Raman spectroscopy is a sensitive probe of the distinct dispersion relations for
electrons and phonons in tBLG through resonance enhancement and superlatticeinduced Raman processes. The intensities of Raman G band and double-resonant
(DR) ZO’L (fundamental layer-breathing vibration) band exhibit large resonance enhancements when the excitation photon energy matches the inter-vHs energy (E vHs ;
the energy diﬀerence between the saddle points in the conduction and valence bands)
[66, 67, 125, 128, 173]. The critical angle (θc ) for a given excitation energy is the θ
at which E vHs equals the excitation photon energy. For 532 nm laser excitation,
θc is ∼ 12.5◦ , and it reduces to ∼ 10.5◦ for 633 nm laser excitation [67]. In tBLG,
several new Raman bands, including R, R’ and ZO’H , are activated by superlatticeinduced wavevector [68, 69, 125, 134, 175]. These characteristic Raman features associated with the low-energy vHss and atomic structure of the superlattice interface have been previously seen in tBLG [66–69, 125, 128, 132–134, 158, 173–175] and
graphene/hexagonal-boron nitride (h-BN) superlattices (In graphene/h-BN, only R’
band was observed [176]), but not in SLG or Bernal-stacked bilayer graphene (ABBLG).
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In this chapter, we employ electrochemical gating (ion gel) to investigate the
doping dependence of the Raman scattering of tBLG at θ close to θc , where the
ungated sample exhibits a resonantly enhanced G band. The experiment is designed
to understand the following questions:
1. How do the doping dependence of the Raman G and 2D bands of the tBLG
compare to that in monolayer and AB-bilayer graphene?
2. Can the resonance enhancement properties associated with vHss in the tBLG
be altered with doping and electric ﬁeld?
3. How do several unique Raman bands (such as R’ and ZO’) associated with the
superlattice structure of the tBLG response to doping and electric ﬁeld?

4.2

Experiment

4.2.1

Graphene Sample Preparation

Our graphene samples (tBLG islands) were grown on copper foils by chemical
vapor deposition (CVD) and transferred onto a heavily p-doped silicon (Si) substrate
(coated with ∼ 285 nm SiO2 ) [123, 125]. More details of sample growth and transfer
procedures are available in chapter 2 (section 2.1.2). We rely on the color contrast
(coloration) that appears in the tBLG islands for θ in the range of ∼ 9◦ − 15◦ under
an optical microscope (with a broadband light source) to identify θ ∼ 13◦ [177]. We
then employ Raman spectroscopy (Horiba Xplora Raman spectrometer) to conﬁrm
that the bilayers show strong G band enhancement and sharp R peak (∼ 1485 − 1500
cm-1 ) using a 532 nm laser excitation source.
We fabricated ﬁeld eﬀect devices for Raman and electrical measurements. We
used typical electron-beam lithography to deﬁne device pattern and electrodes. Excess graphene areas were removed by oxygen plasma etching. We evaporated 1/50
nm Ti/Au for contact and side-gate electrodes. To reduce the (electro-)chemical re-
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Fig. 4.1. (a) An optical image of an electrochemically top-gated monolayer
graphene (SLG) and twisted bilayer graphene (tBLG) device before applying ion gel electrolyte. The sample consists of a SLG (upper part) and
a tBLG (lower part), which exhibit diﬀerent optical contrast. The boundary between the SLG and tBLG is delimited by a dashed white line. The
scale bar is 5 µm long. (b) Schematic of device conﬁguration (for the case
with negative electrolyte top-gate voltage, V TG ) together with electrical
connections used in our Raman measurements.

action between metal contacts and ion gel electrolyte (for electrochemical gating), we
covered electrodes with a 30 nm-thick SiO2 . Photoresists are alternatives for covering
electrodes. Figure 4.1(a) displays an optical image of one of our graphene devices,
which comprises of SLG (upper part) and tBLG (lower part) regions (delimited by
the dashed white line). The tBLG (darker) and SLG regions have a small diﬀerence
in color contrast.
Figure 4.1(b) illustrates a schematic drawing of our device conﬁguration together
with electrical connections used for electrochemical gating. The electrochemical gating method is a powerful technique for tunning the surface conduction (electronic)
properties of various materials by means of large charge doping [60, 178, 179]. The
electrochemical cell illustrated in Fig. 4.1(b) consists of three major components:
electrolyte, graphene electrode and metal counter-electrode. There are two common
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forms of electrolyte mostly used in recent studies [60,179]. They are ionic liquids and
ion gels —a mixture of ionic liquids and (macromolecular) polymers. We employed an
ion gel electrolyte (also known as solid polymer electrolyte), polyethylene oxide (PEO
with average molecular weight of 100,000; from Sigma Aldrich, 181986) containing
lithium perchlorate (LiClO4 ; from Sigma Aldrich, 431567) as top-gate dielectrics,
which enables electrically tunning carrier density up to ≈ 4 × 1013 cm-2 estimated in
our experiment. The electrolyte prepared was PEO/LiClO4 = 8:1 in weight, as in
the previous report [60]. We estimated the gate capacitance of the electrolyte CTG
≈ 2 µFcm-2 (similar to that in the ref. [60]) based on the doping dependence Raman
measurement on the SLG device, shown in Fig. 4.1(a). A small drop of polymer
electrolyte dissolved in methanol was applied to the graphene device right before the
electrical and Raman measurements. It takes generally about a minute to dry under ambient conditions and the color of the applied polymer electrolyte turns from
transparent to translucent.

4.2.2

Electrical Characterization

Field eﬀect measurements were carried out before and after application of electrolyte using a low-frequency lock-in ampliﬁer (Stanford Research System, model
SR830) and a Keithley 2400 source meter. Before the application of electrolyte, we
performed the ﬁeld eﬀect measurement through the Si backgate (V BG ). After the application of electrolyte, we performed electrochemical doping on the graphene device
by varying the applied gate voltage (V TG ) through the side gate electrode (embedded
in the electrolyte layer after drying in air). All electrical measurements were performed in vacuum (∼ 10−4 Torr) at room temperature. Figure 4.2 presents the ﬁeld
eﬀect curves of the tBLG and SLG devices, showing ambipolar characteristics with
ﬁeld eﬀect mobility (µFE ) of 6000 − 6500 cm2 V-1 s-1 and 2800 − 3100 cm2 V-1 s-1 at
carrier density ≈ 3 × 1012 cm-2 (measured with the Si backgate) for the tBLG and
SLG, respectively.
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Fig. 4.2. Field eﬀect characteristics (2D resistivity vs gate voltage) of the
SLG and tBLG devices through (a) SiO2 /Si back-gate (before applying ion
gel dielectrics) and (b) ion gel top-gate dielectrics. The charge neutrality
point (CNP) voltage (V D ) of the SLG and tBLG measured by the Si backgate is about 6 and 4 V (slightly p-doped), respectively. The V D of both
devices is close to 0 V when using the electrolyte top-gate. We ﬁnd that
hysteresis could cause a shift in V D on the order of ∼ 0.4 V. The gate
voltage sweep direction is from negative to positive.

4.2.3

Measurement Setup for Gate-Dependent Raman Spectroscopy

Raman spectra at various V TG were measured using a LabRam HR spectrometer
(Horiba) with a 532 nm (2.33 eV) laser source and at a power level of ∼ 2.5 mW.
A long working distance objective lens (Olympus SLM-100×, N.A. 0.6) and an 1800
lines/mm grating were used in the gate-dependent Raman studies. The spectral
resolution of the setup is about 0.5 cm-1 . In our experiments, we applied a gate
voltage between the side gate electrode and graphene contact (see Fig. 4.1(b)) using
a Keithley 2400 source meter. We stabilized the V TG at the most positive value (e.g.,
3.5 V). The V TG was then changed from most positive to most negative voltage.
The sign of positive and negative V TG represents electron (n-) and hole (p-)doping,
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respectively. At each V TG step, a Raman spectrum was recorded while remaining V TG
constant. All Raman measurements were performed under ambient conditions.

4.3

Gate-Dependent Raman Spectroscopy of tBLG
In this study, we focus our discussion on the graphene device shown in Fig. 4.1(a).

Similar doping dependence of Raman characteristics was also observed in a diﬀerent
tBLG sample, indicating the consistency of measurements and observations. From
the R, G and 2D Raman characteristics, the θ of the tBLG is around 13◦ [66, 67, 175]
(close to the θc ∼ 12.5◦ for the excitation photon energy of 2.33 eV of a 532 nm laser).
The Raman G band intensity is resonantly enhanced at θ ∼ θc because the incident
laser beam has a photon energy resonant with the energy separation between the
saddle points (vHss) in the conduction and valence bands [66, 67].
Figure 4.3(c) presents three representative Raman spectra from tBLG at various
V TG . Spectra from the SLG are plotted for comparison. All spectra are normalized
to the 520 cm-1 Si line. At V TG ∼ 0.5 V, the R, G and 2D bands from the tBLG
are located at about 1492, 1584, and 2699 cm-1 , respectively. We estimate the CNP
voltage (V D ) ∼ 0.5 V based on the approximate symmetry of the spectra evolution
with respect to n- and p-doping away from this voltage (also see Figs. 4.4 and
4.5(a)). The non-zero V D is ascribed to unintentional extrinsic doping due to the
ion gel electrolyte and Si substrate [180, 181]. The positive and negative signs of
the (V TG − V D ) correspond to n- and p-doping in graphene, respectively. Doping
dependence of the G and 2D bands from the adjacent SLG device agree well with
prior reports [59, 60, 182]. We ﬁnd the V D ∼ 0.6 V for the SLG, slightly higher than
that of the tBLG. This is also consistent with the V D values found in our electrical
transport measurement (see Fig. 4.2). As presented in Fig. 4.3(c), the G band for
the tBLG exhibits strong resonance enhancement (intensity ∼ 40 times as large as
that of the SLG at CNP).
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Fig. 4.3. Comparison of Raman spectra of the tBLG and SLG at several
representative V TG . Spectra are normalized to the height intensity of the
520 cm-1 Si Raman line and are shifted vertically for clarity. Measurements
were conducted at room temperature using a 532 nm laser excitation. The
V D of the tBLG and SLG is ∼0.5 V and ∼0.6 V, respectively, as measured
from the minimum of G band frequency (see Fig. 4.5(a)). The sample
is electron (n)-doped for V TG > V D , whereas it is hole (p)-doped for
V TG < V D . The vertical scale is the same before and after the break on
the horizontal axis. The upper right inset plots the ratios of the integrated
intensities of the G and 2D peaks (AG /A2D ) as a function of V TG from
both the SLG and tBLG. The SLG data in the inset is enlarged by a scale
factor of 10 for clarity

4.3.1

Splitting and Intensity Quenching on Raman G Mode

Figures 4.3 and 4.4 show that the G band of the tBLG not only blue-shifts but
also splits into two peaks when V TG is away from V D . Near the CNP, the spectra
are described by a single Lorentzian lineshape with a full-width-at-half-maximum
(fwhm) of ∼ 15 cm-1 , comparable to that of pristine (charge neutral) SLG. In SLG
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the G band only exhibits a blueshift without splitting when V TG is tuned away from
the CNP (see Fig. 4.3 and Appendix Fig. D.1). This frequency upshift is wellstudied and explained by phonon self-energy renormalization due to electron-phonon
coupling (EPC) [59, 60]. Although a uniaxial strain can lead to a splitting of the G
band for SLG (arising from the lifting of the degeneracy of the doubly degenerate E2g
phonons) [58, 183], we do not see such a G band splitting (see Fig. 4.3 and Appendix
Fig. D.1) in the SLG region of our device, indicating that (gate-induced) strain is
negligible in our devices. Therefore, it provides further evidence that the observed G
splitting in the tBLG (lower region in the same device, see Fig. 4.1(a)) is unlikely to
be related to strain [143].
In gated AB-BLG device, it has been reported that the G band splits due to the
mechanism of optical phonon mixing (symmetric Eg and asymmetric Eu ) when an
out-of-plane electric ﬁeld breaks the AB sublattice symmetry, where the odd-parity
Eu mode becomes active in Raman scattering [180, 184]. In tBLG, the AB sublattice
symmetry is naturally broken owing to the relative rotation between the two layers
regardless of the charge doping. However, the Eu mode has not been observed in
Raman studies of tBLG without gate voltage applied [66, 67, 180, 181, 185], revealing
this Eu mode remains Raman-inactive or silent in tBLG. Araujo et al. and Kalbac
et al. studied the Raman characteristics of twisted bilayer
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large θ by electrochemical doping [181, 185]; however, no obvious signature of the Eu
mode has been observed. In addition, the doublet G peaks seen in our gated tBLG
device diﬀer from those reported on AB-BLG (arising from optical phonon mixing) in
which the two G Raman peaks exhibit opposite frequency shift, while simultaneously
a reversal of resonance intensities emerges with increasing carrier density [180, 184].
On the one hand, in our gated tBLG sample we see a concurrent upshift of the doublet
G peaks (Figs. 4.3 and 4.4) and suppression of their intensities without crossing when
increasing carrier density. Therefore, the G band splitting seen in our tBLG is not
caused by such optical phonon mixing. Instead, we attribute the splitting to the
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gate-induced asymmetric doping in the two layers of the tBLG such that each layer
possesses individual G peak, as will be discussed in more detail later.

Fig. 4.4. (a) Evolution of the normalized Raman spectrum in the region
of the G band in the tBLG as a function of V TG (in p-doping regime). (b)
Same as in (a) for n-doping regime. The black curves depict the Raman
spectrum taken at V D ∼0.5 V. The doublet G bands are denoted as GL and
GU peaks, where the subscripts L and U represent the lower (bottom) and
upper (top) graphene layer, respectively, in the tBLG. Spectra are shifted
vertically for clarity.

Together with the G Raman band splitting, we also observe striking quenching of
the resonantly-enhanced G Raman intensity with doping density in the tBLG. Ratios
of the integrated intensities of the G and 2D bands (AG /A2D ) in the tBLG and SLG
as a function of V TG are depicted in the inset of Fig. 4.3. The AG /A2D of the tBLG is
at its maximum at ∼ 1 V, which is higher than the estimated V D of ∼ 0.5 V, and then
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AG /A2D declines considerably by a factor of up to 6 when the sample is highly doped.
In contrast to the tBLG, the AG /A2D ratio in the SLG reaches its minimum value at
the CNP (V D ≈ 0.6 V) [60], and it is increased by a factor of ∼ 3 while the sample is
highly doped. The increase of AG /A2D in SLG has been attributed to the reduction
of A2D (see Appendix Fig. D.1 for the G and 2D bands as functions of VTG ) due to
an increase of scattering between photoexcited carriers when the Fermi level moves
away from the CNP [186,187]. This doping dependence of the 2D band intensity also
takes place in the tBLG (Fig. 4.3); however, the G band intensity may decrease even
faster than the 2D band intensity in tBLG when the doping level increases. Among
all the Raman bands seen in the tBLG device (see Fig. 4.3), the G band intensity
shows the strongest resonance at ∼ 1 V (see Fig. 4.4(b), ∼ 0.5 V above the CNP),
which may indicate that the energy diﬀerence between the vHss is not completely
overlapped with the incident photon energy at CNP (slightly oﬀ-resonance). This
energy diﬀerence could be attributed to the fact that the θ is slightly diﬀerent from
θc and disorder (such as strain caused by wrinkles and unintentional doping). The
G band intensity experiences the greatest suppression when the sample is further
doped, suggesting strong inﬂuence of the doping on the resonance condition. Since
the Fermi level in our experiment (|E F | can be adjusted ∼ 0.5 eV away from the
CNP) cannot reach the E vHs (≈ ±1 eV from the CNP) of the tBLG, the resonance
condition can still be modulated by gating. We attribute the strong G Raman band
intensity quenching in the tBLG to oﬀ-resonance or the reduced JDOS related to the
vHss due to gating, as will be discussed below.
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Fig. 4.5. Evolution of the frequency (ω G ), fwhm (ΓG ), and integrated
intensity (AG ) of the GL and GU peaks as a function of V TG . The solid
blue squares represent the G peaks that exhibit single Lorentzian lineshape
(no splitting).
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Figure 4.5(a − c) presents the peak frequencies (ω G ), fwhms (ΓG ), and integrated
intensities (AG ) of the doublet G peaks (GU and GL , the subscripts U and L denote
upper and lower layers, respectively) as a function of V TG . It is reasonable to assign
the layer that has more signiﬁcant changes in the G features as the upper layer
because this layer is in direct contact with the top ion gate electrolyte and is more
largely aﬀected by the gating. We will show how this assignment ﬁts well to the
observed doping dependence below. We perform simple ﬁts of the G bands with
two Lorentzian peaks and extract all parameters. A single Lorentzian function is
used to ﬁt the unsplit G peak in the vicinity of the CNP. These data points are
represented by solid blue squares in Fig. 4.5(a − c). With increasing carrier density,
the frequencies of the two G peaks increase at diﬀerent rates while their intensities
decrease simultaneously, suggesting the oﬀ-resonance condition when V TG is away
from the CNP. These characteristics are very diﬀerent from the doping dependence
of the G doublet peaks in AB-BLG, where the two G peaks repel each other in
frequency, and a reversal of their intensities happens and crosses at around 200 meV
with respect to the CNP [180]. In our case of the doped tBLG, the two G peaks occur
to be uncoupled to each other in both frequency and fwhm, and show no crossing in
their intensities. Unlike AB-BLG, the observed doping dependence of both GU and
GL peaks in the tBLG agree quite well with the doping behaviors in SLG (see Fig.
D.1 in Appendix) where the frequency (fwhm) increases (decreases) with increasing
charge density. The ΓG decreases by ΔΓG ∼ 8.7 ± 0.5 cm-1 for both the GU and GL
peaks when V TG is tuned away from the CNP (Fig. 4.5(b) and inset of Fig. 4.6(d)).
Following the method used to estimate the EPC strength in SLG from ΓG [59, 188],
we ﬁnd that the EPC strength of each graphene layer in the tBLG is 14.3 ± 0.4 eV/Å,
˚ [59].
comparable to that of SLG (ΓG ∼ 8.5 cm-1 and EPC strength of ∼ 14.1 eV/A)
This result reveals that the interlayer coupling between the two graphene layers in the
tBLG is suﬃciently weak and has negligible contribution to the EPC of the intralayer
G phonons for each layer, which behaves similarly to a SLG.
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4.3.2

Extraction of Carrier Density of Each Layer

We have computed the carrier densities (doping) of each layer (upper/lower) from
the corresponding G Raman peak (GU /GL ) frequencies, assuming similar dependence
of the G peak frequency as that found for SLG. It has been experimentally shown
that the G peak shows linear blue-shift with E F in SLG (Δω G ∝ E F with respect
to its CNP at which E F = 0 and nSLG = 0) [59, 189, 190]. This feature is conﬁrmed
in our SLG (see Appendix, Fig. D.1, eqs. D3 and D4), yielding a linear relation
|E F | × 40 = ω G − 1583.8 for n-doped SLG and |E F | × 45 = ω G − 1583.8 for p-doped
SLG, where E F and ω G are in units of eV and cm-1 , respectively, in good agreement
with previous studies [59, 189, 190]. Considering diﬀerent minimum G Raman peak
frequencies (∼ 2 cm-1 ) in tBLG (∼ 1583 cm-1 ) and SLG (∼ 1585 cm-1 ), we estimate
hν F )2 /π (from linear
the E F (with respect to CNP) and carrier density n = (E F /¯
E−k dispersion) in the upper (nU ) and lower (nL ) layers of the tBLG (Fig. 4.6) using
modiﬁed relations in the form of
|E F (nU )| × 42 = ω G (nU ) − 1582,

(4.1)

|E F (nL )| × 42 = ω G (nL ) − 1582.

(4.2)

The error bars in Fig. 4.6 indicate the uncertainties of the two numerical values used
(42 and 1582). The total (induced) carrier density ntotal = nU +nL of the tBLG device
is denoted as empty black circles in Fig. 4.6. We also include the charge density in
the SLG (denoted as nSLG , empty blue triangles in Fig. 4.6), which is calculated
from its G Raman frequency (Appendix D, eqs. D.3 and D.4). Finally, the eﬀective
charge density (denoted as nTG ) induced by the ion gel gating on SLG is estimated
√
¯ F nTG π (see eqs. D.2 and J.7 in Appendix)
from e(V TG − V D ) = (nTG e2 )/C TG + hν
and presented as a solid gray line in Fig. 4.6 [60], where CTG ≈ 2 µFcm-2 is the
capacitance of the electrolyte and agrees with previous reports [60], V TG − V D is the
applied voltage relative to the CNP, e is the electron charge. The ﬁrst and second
terms are attributed to geometric and quantum capacitances, respectively.
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Fig. 4.6. Carrier densities (doping) calculated either from Raman G peak
position assuming SLG behavior, or from gate capacitance. The total
density of the tBLG (nU + nL ) is in good agreement with that of SLG
(nSLG ). The induced carrier density in SLG estimated from the gate and
quantum capacitances (nTG , Appendix eq. D.2) is plotted for comparison.
The inset shows the evolution of the GL and GU fwhms as a function of
the eﬀective Fermi energy (E F ωG ) of each individual layer.
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At low doping (|ΔV | = |V TG −V D | up to ∼2 V; equivalent to |n| up to ∼ 1.8×1013
cm-2 ), ntotal = nU + nL for the tBLG obtained from the GU /GL Raman peaks agrees
well with nTG and nSLG . For |ΔV | > 2 V, ntotal = nU + nL diﬀers slightly from
both nSLG and nTG , possibly related to a decreased gating eﬃciency of electrolyte at
relatively high gate biases. It also worth noticing that we also notice more electronhole asymmetry in ntotal at such large gate voltages. The consistency between the
doping density extracted from G Raman peaks (based on the assumption that each
layer behaves as SLG) of the tBLG and those expected from the capacitance and
measured from the SLG conﬁrms that the coupling between the two layers in our
tBLG system is suﬃciently weak such that each layer retains its SLG-like low energy
electronic structure (Dirac band dispersion) and phonon self-energy renormalization
(dependence of G peak frequency on E F ). On the other hand, we point out that the
coupling between the two layers still exists, giving rise to the vHss at higher energies
due to the coupling between Dirac cones from the two graphene layers, as manifested
by the resonantly enhanced G band observed near CNP.
The diﬀerence in the gate-dependence of the GU and GL peaks also reﬂects the
diﬀerence in the phonon renormalization magnitudes due to diﬀerent carrier densities
in the two graphene layers. As shown in Fig. 4.6, the carrier density in the lower
layer (nL ) becomes almost constant around ±0.4 × 1013 cm-2 when |ΔV | > 2 V, and
additional doping mainly contributes to the upper layer. This leads to continued
increase in the peak frequency of GU but saturation of the peak frequency of GL
upon further increasing of |ΔV | (see Fig. 4.5(a)). The inset of Fig. 4.6 displays
the ΓG of the doublet G peaks as a function of the Fermi energy (E F

ωG ,

estimated

from the GU and GL phonon frequencies) in each layer. We note the similarity of the
lineshape between the upper and lower layers within E F
the widths of the two ΓG vs E F

ωG

ωG

= ±0.2 eV. Furthermore,

peaks are close to the phonon energy hω
¯ G (∼ 200

meV), indicating Landau damping of the G phonons which decay into electron-hole
pairs [59].
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4.3.3

Analysis based on Interlayer Screening Model

Figure 4.7 schematically illustrates an interlayer screening model that we propose
to describe the G band splitting and Raman intensity quenching observed in tBLG.
The charge distribution over the upper (nU ) and lower (nL ) layers depends on the
electrostatic interaction between layers and band-ﬁlling [191, 192]. Both the upper
and lower graphene layers are in direct contact with each other and with the metal
electrodes. Therefore, the E F ’s of the two layers are assumed to be aligned when
the system is in equilibrium. In the undoped tBLG (ideal ﬂat band condition),
there is no potential diﬀerence (Δφ) between the two layers, and the E F is at the
CNP. In this case, the conduction and valence bands near the saddle points (vHss)
of tBLG are aligned and parallel to each other, maximizing the JDOS for resonant
interband transitions (green arrows) between the vHss [40,67,193], and a very strong
enhancement of the G Raman band appears.
An accumulation of positive ions in the electrolyte results in n-doped tBLG (Fig.
4.7(b)). The doping is more eﬃcient in the upper layer because the electrolyte ions
are closer to the upper layer than to the lower layer (in contact with Si substrate).
The two layers of the tBLG share the same aligned E F (dashed red line). However,
their CNPs are lifted by an interlayer potential energy (eΔφ). The upper and lower
layers of the tBLG experience diﬀerent electric ﬁelds : E U = e(nU + nL )/(εPE ε◦ ) and
E L = enL /(εGG ε◦ ), where εPE and εGG are the relative dielectric constants of the
electrolyte and graphene, respectively, ε◦ is the vacuum permittivity. The diﬀerence
in the electric ﬁeld (E U − E L > 0) is attributed to electronic screening by the charge
carriers of the upper layer and to dielectric screening by diﬀerent εPE and εGG . Indeed,
the electronic screening plays a crucial role in creating charge density asymmetry in
graphene layers, and the strength of the screening depends on the doping level as
studied by Kuroda et al. [192]. The screening length corresponding to our doping
level of 1013 cm-2 is only a fraction of the graphene interlayer spacing (dGG ≈ 0.34
nm) [192]. The strong resonance enhancement on the G Raman band in the ﬂat band
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Fig. 4.7. (a) Schematic energy band diagram of a pristine tBLG. Significant interband transitions (solid green arrow) are indicated, which give
rise to strong resonance enhancement on the Raman G band. (b) Same
as in (a) for n-doped situation, assuming the two layers are in equilibrium
(same chemical potential indicated by E F ). Electric-ﬁeld screening yields
an interlayer potential oﬀset (Δφ) between the layers, hence a higher
charge carrier density in the upper layer (|nU | > |nL |). The dashed green
arrow depicts interband direct transitions which are diminished due to
the shift of the two Dirac cones, leading to the intensity quenching of
the G bands. (c) Same as in (b) for p-doped situation. (d) Same as in
(b). A tBLG is under a positive top-gate bias, showing relevant electrical
energies for determining the interlayer static capacitance of graphene.
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case originates from the resonant interband transitions between the saddle points
in the absence of the interlayer potential [66, 67]. In the presence of the interlayer
potential, the saddle points are oppositely displaced in momentum space and the
electronic band structure is altered (Fig. 4.7(b)) [40, 193, 194]. Direct interband
transitions connecting the two saddle points (vHss) become forbidden (in this sense
the energy separation between the saddle points become “indirect”, as demonstrated
by the dashed green arrow, in analogy with an indirect bandgap in semiconductors).
Therefore, the JDOS of the system for the interband transition (between vHss) and
the resonant G band enhancement are suppressed. Note that this mechanism is
diﬀerent from the modiﬁcation of JDOS (optical absorption) caused by the manybody eﬀects (electron-hole and electron-electron interactions) in doped SLG [195].
Similar explanation is applicable to the p-doped tBLG (Fig. 4.7(c)).
We can quantitatively describe the nU and nL dependence on V TG using the band
diagrams shown in Fig. 4.7(b − d). An applied (V TG − V D ) is the sum of potential
drop across the Debye length of the electrolyte [60] (due to electrostatic capacitance)
and the Fermi energy (with respect to CNP) of the upper layer (due to quantum
capacitance) : e(V TG − V D ) = e2 (nU + nL )/C TG + E F (nU ), here E F (nU ) is positive
(negative) for electron (hole) carriers. Note that the equation is consistent with eq.
J.8 in Appendix, the total carrier density of the side (gate) electrode ntotal = nU + nL
is equivalent to nT in eq. J.8. Similarly, the Fermi energy of the upper layer can be
written as the sum of the Fermi energy (with respect to CNP) of the lower layer and
the interlayer potential energy (see Fig. 4.7(d)), E F (nU ) = E F (nL ) + eΔφ. If we treat
the two layers of tBLG as a simple parallel-plate capacitor, the interlayer potential
energy is eΔφ = E F (nU ) − E F (nL ) = e2 nL /C tBLG (see Appendix Fig. E.1), where
C tBLG is the eﬀective interlayer static capacitance per unit area of graphene. Note
that Δφ is positive (negative) in n- (p-) doped tBLG. From the above analysis, we
can determine C tBLG ∼ 4.6 µFcm-2 from the slopes (linear blue lines for both carriers)
in Fig. 4.8, close to 5.2 − 7.8 µFcm-2 estimated from C tBLG = (εGG ε◦ )/dGG . Here, the
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relative dielectric constant of BLG is εGG = 2 − 3 [196], and dGG = 0.34 nm is used
in this estimation.

Fig. 4.8. Interlayer potential energy diﬀerence, eΔφ = E F (nU ) − E F (nL ),
between the upper and lower graphene layers as a function of carrier density of the lower layer (nL ) in the tBLG device. The Fermi energies measured from the charge neutrality point (CNP) of the upper and lower
layers are represented with E F (nU ) and E F (nL ), respectively. nL is positive (negative) for n-doping (p-doping). The linear ﬁts (solid blue lines)
to the data points away from the CNP (> 1011 cm-2 ) give the eﬀective
interlayer static capacitance per unit area, C tBLG = enL /Δφ, of the gated
tBLG.

We note that the CNP of the upper and lower layers in the tBLG are slightly
diﬀerent (by ≈ 0.2 V) (see Fig. 4.5(a)). This asymmetry may be attributed to
unintentional doping by the substrate and non-uniform doping by the polymer electrolyte. The lower layer is in direct contact with thus subject to a stronger inﬂuence
from the substrate. It has been shown that charged impurities can be trapped at
the tBLG-substrate interface in the graphene transfer process. These impurities may
cause the two graphene layers to respond diﬀerently during gating [197]. In addition,
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the polymer electrolyte may dope the two graphene layers diﬀerently at V TG = 0
(the upper layer is doped with more carriers on the order of ∼ 1012 cm-2 since it is in
contact with the electrolyte) [181]. We also note that there are discontinuities in the
gate dependent G frequencies, fwhms, and integrated intensities when V TG ∼ −1.5 V
(E F ∼ 0.4 eV) (see Figs. 4.5 and 4.6). Prior experiments in AB-BLG showed a kink
in the G Raman frequency at E F ∼ 0.4 eV, which is associated with second sub-band
ﬁlling [182]. However, theoretical studies suggest an absence of sub-band between the
vHss of tBLG [34, 35, 195]. Further studies are needed to understand the origin of
these kinks in tBLG.

4.3.4

Gating Eﬀect on Raman R and 2D Modes

We now discuss the inﬂuence of asymmetric doping on the 2D and R Raman
bands from the tBLG. These two bands are activated by intervalley DR process with
phonon wavevector q =
6 0 [68, 175, 198]. The 2D and R bands come from the same
TO phonon branch but at diﬀerent locations of the Brillouin zone (BZ). The 2D band
originates from the scattering between the two adjacent Dirac cones (K and K’) of
a graphene layer with phonon wavevector q which is equal to the K−K’ separation
(same as Γ−K separation in the BZ). The R band has a smaller phonon wavevector
which equals the tBLG superlattice wavevector (see inset in Fig. 4.9(b)) [68, 69].
Figure 4.9(a) shows the evolution of phonon frequency and fwhm of the 2D band
as a function of V TG (see Fig. E.1.(a) in Appendix for raw Raman spectra). All
parameters are extracted from simple ﬁts of the 2D band with single Lorentzian peaks.
We obtain ∂ω 2D /∂E F ∼ −7 cm-1 eV-1 for n-doping and weak doping dependence for
p-doping in the tBLG. However, in the SLG (see Appendix Fig. D.2) we obtain
∂ω 2D /∂E F ∼ 23 cm-1 eV-1 for both n- and p-doping from our measurement, which is
consistent with previous reports [60]. The doping dependence of the fwhm of the 2D
band in tBLG and SLG are diﬀerent (see Fig. 4.9(a) and Appendix Fig. D.2(b)).
For example, in high p-doping regime the fwhm of the tBLG increases by ∼ 10 cm-1
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compared to its value at the CNP, but there is only a small variation (less than 3
cm-1 ) in the fwhm of the 2D band in the p-doped SLG (see Appendix Fig. D.2).
The diﬀerence between the doping dependence of the 2D band of the tBLG and SLG
may be linked to the diﬀerence in their band structures under an electric ﬁeld. A
change in the band structure of tBLG due to interlayer potential (see Fig. 4.7) may
have a large impact on the interaction of this second-order phonon with photons and
electrons. Further studies are required to comprehend the mechanism causing the
diﬀerences in the 2D band between SLG and tBLG.

Fig. 4.9. (a) and (b) Peak position (ω 2D , ω R ) and fwhm (Γ2D , ΓR ) of 2D
(left panel) and R (right panel) Raman bands as a function of V TG . The
inset in (b) illustrates the ﬁrst Brillouin zones of the upper and lower
graphene layers rotated from each other by a twist angle of ∼ 13◦ . The R
phonon wavevector (q R ) is labeled.

A recent study of tBLG devices, where the θ are slightly smaller than θc and
electrodes are only in contact with one of the layers, found that the 2D Raman
band shows an asymmetric lineshape that can be decomposed into two peaks with
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similar widths [199]. This 2D splitting is attributed to diﬀerent scattering pathways
in DR process near the saddle points in the electronic band structure of tBLG [199].
However, we did not observe such 2D band splitting in our tBLG devices. Precise
reasons for this diﬀerence remain to be better understood but it may be related to
several contributing factors. First, the θ (∼ 13◦ ) of our tBLG is slightly larger than the
θc ∼ 12.5◦ (measured with 532 nm excitation laser energy). Second, both (the upper
and lower) layers of our tBLG are in contact with the electrodes, which could facilitate
the alignment of E F of the two layers when applying a V TG . In addition, the ion gel
dielectrics (PEO:LiClO4 ) used can produce higher carrier densities (≈ 3 × 1013 cm-2 )
compared to those with Si backgate (< 1 × 1013 cm-2 ) [60,181,199]. These diﬀerences
may account for the distinct Raman features in our measurement compared to those
reported in the recent literature [199].
Figure 4.9(b) shows the frequency and fwhm of the R band as functions of V TG
(see Fig. E.1.(b) in Appendix for raw Raman spectra). It is hard to detect the R
band for heavy p-doping (V TG < −1.5 V, see also Fig. 4.3) and can only be ﬁtted
with a single Lorentzian function. The observed gate dependence of the R band
frequency is quite similar to that of the 2D band. This may be linked to the fact that
both bands are from the same TO phonon branch. We measure ∂ω R /∂E F ∼ −9.2
cm-1 eV-1 for n-doping, which is slightly larger than that obtained from the 2D band,
and ∂ω R /∂E F ∼ 3.8 cm-1 eV-1 for p-doping. This similar gate dependence of the
R and 2D peak frequencies indicates that the phonon self-energy renormalization
for the R band could possess similar scattering mechanisms (e.g., a combination of
electron-phonon and electron-electron interactions) as in the 2D band [187]. The
gate-dependent frequency shift can be described using a phenomenological formula
3

based on DFT calculation [61] : ω = a + bnTG + cnTG 2 + dnTG 3 + e|nTG | 2 , where ω
is the phonon frequency, nTG (∼ ntotal in low doping regime) is the eﬀective carrier
density (in unit of 10-13 cm-2 ) and a, b, c, d, and e are coeﬃcients. Fittings of gate
dependence of the R and 2D frequencies to this phenomenological formula and the
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corresponding parameters are presented in Appendix Fig. E.2 and Table E.1. It has
been proposed that θ of tBLG can be estimated from the frequencies of Raman R and
R’ bands [69, 175, 200]. Our ﬁnding on the R band indicates that doping level should
be taken into account when determining θ of tBLG from Raman measurements.
The gate dependence of the frequencies of the 2D and R bands are similar; however, the dependence of the fwhm of these two bands on the doping level is quite
diﬀerent. The fwhm of the R band (ΓR ) has a maximum of ∼ 8 cm-1 at V TG ∼ 1 V (∼
0.5 V away from the CNP) and then decreases for V TG away from this value, including
both p- and n-type high doping regimes (see Fig. 4.9(b)). On the one hand, the fwhm
of the 2D band for the tBLG exhibits a minimum at V TG ∼ 0 V and increases rapidly
in the p-doping regime. Further study is needed to understand this diﬀerence.

4.4

Conclusions
In summary, we observed novel Raman response on the G band in tBLG under

gate tuning. In the presence of doping asymmetry (interlayer potential) in the two
graphene layers, we found a splitting of G peak. From the positions of the two split
G peaks, we determined the E F and charge carrier density in each layer. We also
observed a strong gate-dependent quenching of the G peak intensities. This intensity
quenching can be accounted for the suppression of interband direct transitions related to the two low-energy saddle points (vHss), which are oppositely shifted by the
interlayer potential, in the electronic structure of tBLG. We can understand the observed phenomena based on the interlayer screening model from which we obtain the
eﬀective interlayer capacitance of ∼ 4.6 µFcm-2 . The similarity of the gate dependent
2D and R frequencies suggests that the phonon self-renormalization of the 2D and
R bands could possess similar scattering mechanisms. In additional to the R band,
the ZO’ peaks as discussed in chapter 3 relate to tBLG superlattice and the resonant
G band enhancement/twist angle. However, the relatively weak Raman signal of the
ZO’ peaks exhibit strong suppression under gating (see Fig. E.3 in Appendix for
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Raman ZO’L peak), which hinders a complete understanding of their doping dependence. Future theoretical and experimental work will be needed to study the doping
dependence of the low energy Raman modes. Our results shown that doping asymmetry signiﬁcantly changes the properties of tBLG; therefore this gate modulation
can be applied to control the physical properties of tBLG devices.
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5. ELECTRONIC TRANSPORT OF TWISTED BILAYER
GRAPHENE
After characterizing the vibrational properties in chemical vapor deposition (CVD)grown twisted bilayer graphene (tBLG) with the Raman and electrolyte (ion gel)
gating techniques in the previous two chapters, this chapter is dedicated to the electrical transport properties of tBLG. The electronic properties of tBLG have been
predicted to modify in various twist angles (θ) and interactions [34, 153, 201]. In
this chapter, I present our electrical transport study in tBLG, focusing on samples
at small-twist-angle (small-θ). Instead of using CVD-grown tBLG, we fabricated
high-quality tBLG encapsulated in hexagonal boron nitride (h-BN), where we observe distinct transport features associated with van Hove singularities (vHss) and
superlattice-induced mini-gaps (SMGs) situated slightly away from the main Dirac
point (DP) in small-θ regime. We also measure the temperature dependence of resistivity to study the eﬀect of small-θ on the electron-phonon coupling in tBLG. In the
quantum Hall (QH) regime, we observe only Landau level (LL) crossings in the massless Dirac spectrum, originating from the main DP, but not in the parabolic band near
the SMG. Such crossings enable the measurement of an enhanced interlayer dielectric constant. Moreover, we measure the reduced Fermi velocity, interlayer coupling
strength (interlayer hopping parameter), vHs energy relative to the DP, and gap size
of SMG, four important parameters used to describe the peculiar band structure of
the small-θ tBLG. We are working on the manuscript based on this work.

5.1

Introduction
Twisted bilayer graphene (tBLG), which can be formed by stacking two graphene

crystals with a twist angle, is an important example of moiré crystals [202–209]. The
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tBLG with small-θ is particularly interesting, since the moiré pattern periodicity enlarges and the separation between vHs and DP shrinks when reducing θ, yielding
dramatic changes to the electronic band structure near the DP. In earlier transport
studies [155, 210–212], however, sample disorder and limited tunability in the carrier
density (e.g., by ≈ 6 × 1012 cm-2 for typical silicon substrates) hindered the investigation of the electrical properties of small-θ tBLGs. Recent advances in accurate manipulation of θ (down to ≤ 2◦ ) and high-quality tBLG samples sandwiched between two
layers of h-BN have enabled revealing intriguing transport features associated with
tBLG and its moiré band [153], such as vHss, SMGs, and magnetic-ﬁeld-induced
Hofstadter butterﬂy spectrum [48, 49, 213, 214].
Although prominent transport signatures [48, 49, 213, 214] related to the vHs and
SMG have been reported for h-BN-sandwiched tBLG samples with θ ≤ 2◦ , several
open questions remain. One is that little is known about the electron-phonon (eph) coupling as a function of T and n for in-plane transport and in particular, how
the vHs and SMG alter the e-ph coupling. Acoustic phonon-contributed resistivity and phonon-limited carrier mobility have been extensively studied in monolayer
and Bernal (AB)-stacked bilayer graphene [215–218]. However, for tBLG, thus far
such experiments have been performed for interlayer transport and the samples with
relatively large-θ [219, 220]. Another is regarding the measured (transport) gap of
SMG. Earlier tBLG devices fabricated on silicon oxide overlayers did not show a minigap [155,211,212], while in the h-BN-encapsulated samples, it has been observed that
the gap size of SMG varies widely from ∼ 10 − 60 meV for θ ∼ 1.8◦ − 2◦ [213, 214].
Further, the nature of this mini-gap, which is found to be several times larger than
the prediction [214], remains to be fully understood.
Here, we report on a transport study of top- and back-gated tBLG samples with
h-BN encapsulation under variable T, n and magnetic ﬁelds (B ). Our high-quality
tBLG devices with small-θ, exhibiting notable transport features corresponding to
the vHss and SMGs, conﬁrm the recent ﬁnding of relatively large SMG gap, and
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provide new insights into the acoustic phonon scattering and interlayer coupling in
the small-θ regime. The main observations are as follows :
1. We observe the T -dependence of acoustic phonon-contributed resistivity at various n follows a power-law, ∼ T β . The T -exponent β of the resistivity shows
a W-shaped n-dependence and evolves from ∼ 0.9 to 1.7 when tuning n away
from the vHs.
2. We tune the transverse electric ﬁeld (interlayer potential) in the samples in the
quantum Hall (QH) regime, a mapping of Landau quantization shows crossings
of two sets of Landau levels (LLs) for n below the vHs but only one set of LLs
(no crossing) for n beyond the vHs.
3. By analyzing the electric ﬁeld-induced LL crossings, we ﬁnd enhanced interlayer
screening in tBLG (the interlayer dielectric constant ∼ 6 times of the vacuum
permittivity), which is understood as a consequence of the reduced Fermi velocity (v F ) due to the interlayer interaction.

5.2

Sample Fabrication and Characterization

5.2.1

Sample Preparation

Our samples are made of h-BN/tBLG/h-BN stacks, focusing on small-θ around
1.3◦ −2◦ , and an intermediate θ ∼ 5◦ as a reference. We assembled our tBLG stacks using the dry-transfer method similar to prior studies [72,79], which enables controlling
of θ of BLG. The process began with exfoliating graphene ﬂakes from a Kish graphene
(from Covalent Materials Corp.) and h-BN (from hq graphene) on clean silicon substrates with a ∼ 290 nm thick SiO2 . We picked up the top h-BN with a polymer
stamp, consisting of PPC/PDMS [Poly(propylene carbonate)/Polydimethylsiloxane],
on a glass microscope slide. The angle alignment was achieved by breaking and
stacking from the same large piece of a single crystal graphene ﬂake using a micromanipulator and rotary stage (with angular accuracy ∼ 0.07◦ ), as depicted in Fig. 5.1(a
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− f). Consequently, we released the stack onto the bottom h-BN prepared on a Si
substrate. The thickness of h-BN we used in this work ranges from ∼ 12 − 45 nm.
During each step of transfer, we heated up the substrate gradually to reduce bubbles
trapped at the interface of layers.

5.2.2

Raman Characterization

After the stack was made, we characterized with Raman spectroscopy and estimated θ [66]. For samples with θ ≤ 2◦ , we further conﬁrmed by transport measurements (see details of estimation in Appendix F). Figure 5.2(a) shows representative
Raman spectra (measured with a 638 nm laser excitation) of three samples (∼ 1.4◦ , 2◦
and 5◦ ) before thermal annealing. We observe a broadening of the G band and an
asymmetric 2D band when reducing θ, similar to the prior report in double-layer
graphene (using stacks of CVD-grown graphene [66]). These θ-dependent Raman
features provide a conﬁrmation of the tBLG’s θ [66].
In order to release trapped bubbles, we annealed samples in forming gas (5% H2
and 95% Ar) up to 500 ◦ C for 30 minutes. The ramping and cooling rates were slow
since graphene layers seem to easily rotate at high temperature rates [221,222]. Figure
5.2(c) shows a comparison of the Raman spectra of Sample A (θ ∼ 2◦ ) recorded with a
532 nm laser excitation before and after annealing. We observe a rising background at
high wavenumbers, which could be attributed to the emission from h-BN defects [223].
We also see a slight reduction of the intensity of the 2D band, comparable to that of
the G band after annealing.
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Fig. 5.1. (a − f) Schematics of our technique for assembling twisted bilayer
graphene (tBLG) encapsulated in hexagonal boron nitride (h-BN), with
a controlled twist angle θ between the two monolayers (broken from the
same piece of graphene single crystal). The inset below (f) shows the
moiré superlattice of tBLG with a lattice constant λm . Cartoons of (g)
tBLG band structure, showing Dirac cones at K valley of the upper and
lower layers with a ﬁnite momentum separation, and of (h) its density of
states (DOS). The hybridization between the two graphene layers yields
van Hove singularities (vHss) and superlattice-induced mini-gaps (SMGs).
The vHss and SMGs are situated away from the charge neutrality point
(CNP) and the main Dirac point (DP) of each Dirac cone.
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Fig. 5.2. Raman spectra of tBLG samples with θ of 1.4◦ , 2◦ and 5◦ .
Data were measured with (a) 638 nm laser excitation and (b) 532 nm
laser excitation before thermal annealing. (c) Comparison of the Raman
spectrum of Sample A (θ ∼ 2◦ ) taken after thermal annealing. Spectra
are individually normalized to the intensity of their respective G peak and
are shifted vertically for clarity.
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5.2.3

Device Fabrication

For device fabrication, we began to search bubble-free regions using AFM and
optical microscopy. We used standard electron-beam lithography (EBL) and reactive
ion etching (RIE) with multiple steps. First, we made the top-gate (5/50 nm of
Cr/Au). Second, we used together MA-2403 and the metal top-gate as an etch mask
to deﬁne the channel of the device, followed by dry etching with Ar/SF6 /O2 mixture.
We then wrote another poly(methyl methacrylate) (PMMA) mask to deﬁne contact
leads. Edge contact scheme [79] was employed and gentle O2 plasma ashing was
further applied before metal deposition (10/60-70 nm of Cr/Au). To connect the topgate and avoid electrical short with the channel, we covered the device with another
thin h-BN layer. Finally, we created a via connecting the metal top-gate (see Fig.
5.3). The channels deﬁned by the top-gate metal and dry etching are 2.1 µm long
and 2.6 µm wide for Device A, 4.5 µm long and 1 µm wide for Device B, 1.25 µm
long and 0.9 µm wide for Device C, and 2.25 µm long and 1.5 µm wide for Device D.

Fig. 5.3. (a) Optical image of two h-BN encapsulated tBLG devices. The
scale bar is 5 µm. (b) Cross-section drawing of our device structure. The
device has both (metal) top and (Si) back gates. Currents pass through
the device through edge-contacted leads.
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5.3

Field Eﬀect and Hall Measurements
Our devices have both top- and back- gates to tune the carrier densities (nU , nL )

of individual graphene layers. Such dual gating enables independent tuning of the
total carrier density (n) and the average displacement ﬁeld (D; applied normal to the
layers) deﬁned as follows (see Appendix J for more information) :
n = nU + nL = (C B ΔV BG + C T ΔV TG )/e,

(5.1)

D = (C B ΔV BG − C T ΔV TG )/2,

(5.2)

where CT(B) is the capacitance per unit area of the top- (back-)gate dielectric, e is
◦
, V T(B)G is the applied top- (backthe elementary charge, ΔV T(B)G = V T(B)G − VT(B)G
◦
◦
)gate voltage, and (VTG
, VBG
) are the voltages when both upper and lower graphene
◦
are charge neutral. In Device A (see Fig. 5.4(a)), for example, we obtain VTG
=
◦
-1.45 V and VBG
= 32.8 V, respectively (corresponding to the intersection of the two

dashed arrows indicating axes of n and D).
We focus on Device A (θ ∼ 2◦ ), which shows a Hall mobility around 25,000
cm2 V-1 s-1 for n ≈ 1.5× 1012 cm-2 at T = 1.6 K. Data from other tBLG devices
are presented in Appendix F. A measurement of longitudinal resistance (Rxx ) as a
function of V TG and V BG is shown in the color plot in Fig. 5.4(a), taken at B = 0
T and T = 1.6 K. The central blue stripe denotes the resistance peak of total CNP
in which both layers have equal and opposite charges such that the tBLG maintains
charge neutral (total n = 0). The resistance of the CNP as a function of D/ε◦ (ε◦
being the vacuum permittivity) is displayed in the inset, showing that the resistance
reduces by a factor of 2 as D increases, similar to that in large-angle tBLG (see
Appendix F and ref. [166]). In addition to the central CNP, two parallel red stripes
(which are relatively insulating) away from the CNP are e-SMG and h-SMG (here eand h- denote electron- and hole-side, respectively) [213, 214]. The resistance of the
SMG is tunable by D/ε◦ , as depicted in the h-SMG with reducing resistance (from
color red to yellow) at larger D. This reduction in the SMG resistance with D could
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be understood as a result of the subband degeneracy lifting due to the interlayer
potential [193].

Fig. 5.4. (a) Longitudinal resistance (Rxx ) (color scale) as a function of
top-gate voltage (V TG ) and back-gate voltage (V BG ) for tBLG Device A
with θ ∼ 2◦ measured at zero magnetic ﬁeld (B = 0 T) and temperature
(T ) of 1.6 K. There are two dashed arrows indicating axes of n and D
(average displacement ﬁeld applied normal to the graphene layers; see
also the deﬁnition in section 5.3). Along the n-axis, D = 0 (aligned Dirac
cones in the two layers), while n = 0 (total charge neutrality) along the
D-axis. The inset shows Rxx extracted along n = 0 (along the central
blue stripe in the main panel) versus D/ε◦ . (b) Rxx (in log-scale) and
Hall resistance (Rxy ) of Device A measured as functions of n along the
dashed line in (a) by tuning V TG and V BG simultaneously at B = 1 T and
T = 1.6 K. Sign reversal in the Rxy at CNP, vHss and SMGs indicates a
change in charge carrier type (electron to hole or vice versa). The shallow
resistance peak in Rxx related to vHs, where Rxy also crosses zero.

Figure 5.4(b) presents Rxx and the Hall resistance (Rxy ) measured as functions of
n along the dashed line in (a) at B = 1 T and T = 1.6 K. We observe three abrupt zero
crossings in Rxy , where Rxx also reaches maximum, at n = 0 and n = ns ≈ ± 9.9×1012
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cm-2 (corresponding to CNP and SMGs, respectively, denoted by the blue stripe and
two red stripes in (a)). The gradual sign reversal in Rxy at n = nvHs ≈ ± 5×1012 cm-2
accompanied by a shallow resistance peak in Rxx are attributed to the vHs. From the
carrier density (ns ) at SMG [213], we can estimate the superlattice wavelength λM ≈
6.83 nm as well as the θ ∼ 2◦ (see the Appendix F for the details of this calculation).
Our device is qualitatively comparable to those in recent studies [213, 214]; however
the resistance of SMG varies considerably in samples with similar θ.

5.4

Temperature Dependence of Superlattice-Induced Mini-Gap
Figure 5.5(a) displays T -dependence of Rxx (at B = 0 T) for Device A measured

along the dashed line in Fig. 5.4(a). The resistance of both SMG increases by almost
an order of magnitude, accompanied by the narrowing of the resistance peak, as T
decreases from 300 K to 40 K. We extract the resistance of SMGs at ± ns for various
T and plot the logarithm of conductance (Gxx = 1/Rxx ) as a function of 1/T, as
shown in Fig. 5.5 (b). The h-SMG’s Gxx (open squares) drops slightly faster than
that for the e-SMG (open circles), but both appear to begin saturating below 30 K. It
is evident that the SMG’s Gxx above 120 K follows the thermally-activated behavior :
Gxx ∝ exp(−Δ/2k B T ),

(5.3)

where Δ is the thermal activation (TA) gap, k B is the Boltzmann constant. At
lower T, the deviation from the thermally-activated transport to the much weaker
T -dependence is ascribed to the variable range hopping (VRH) conduction mediated
by localized states. These localized states are attributed to disorder, as indicated by
the limited carrier mobility, and to adjacent high energy bands accessible by phononassisted indirect transitions [131, 213, 219]. We thus add an extra term to represent
the Mott VRH conductance and ﬁt our data (over the temperature range between 15
K and 300 K) to a modiﬁed equation :
Gxx = GTA e−Δ/2kB T + GVRH e−(T◦ /T )

1/3

,

(5.4)
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where GTA and GVRH are the prefactors of TA and VRH terms, respectively, and T◦ is
the characteristic temperature for VRH. For the e- and h-SMGs, we ﬁnd Δ ∼ 65 meV
and ∼ 45 meV, respectively. We measured Δ (∼ 52 − 79 meV) in two more devices at
θ < 2◦ (see Appendix F for the ﬁts and Δ for all three devices with θ ∼ 1.3◦ − 2◦ ).

Fig. 5.5. (a) Rxx (at B = 0 T) of Device A as a function of n along the
dashed line in 5.4(a) at various T , showing the insulating behavior around
n = ns = ± 9.9 × 1012 cm-2 , from which the twist angle θ is estimated.
(b) Arrhenius plot of the conductance (Gxx = 1/Rxx ) extracted at ± ns
for the SMGs. The solid lines are ﬁts to eq. 5.4. The activation gap
(Δ) extracted is ∼ 65 meV and ∼ 45 meV for the electron- and hole-side
mini-gaps, respectively.

Recent reports on small-θ tBLG have found a range of Δ for the superlatticeinduced insulating state. Our experimentally measured Δ are comparable to the
results (50 − 60 meV) reported in ref. [214], which are 5 − 10 times higher than
other those in earlier experiments and calculations [213,214]. In addition, we observe
that Δ ﬁrst increases with decreasing θ down to θ ∼ 1.5◦ and then decreases further
for smaller θ (see Appendix F), qualitatively consistent with predictions based on
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strong electronic correlations (between the Coulomb energy and moiré bands) in the
very small-θ regime [49, 214]. Several reasons have been proposed to explain this
surprisingly large Δ and the deviation between experiments and calculations, such as
formation of domains of diﬀerent stacking and lattice deformation (strain), buckling
eﬀect, many-body interactions, and under-estimated interlayer coupling strength (tθ )
[214, 224, 225]. We rule out the unexpectedly large tθ from our analysis of magnetotransport measurements discussed below. The obtained tθ is found to be comparable
to previous calculations and STM results [34, 202, 212, 226]. Precise causes for the
large Δ remain to be better understood.

5.5

Temperature Dependence of Resistivity at Diﬀerent Carrier Densities
Figure 5.6(a) shows T -dependence of longitudinal resistivity (ρxx , sheet resistivity)

for several n between the CNP and e-SMG, corresponding to the range highlighted
by the dashed rectangle in Fig. 5.5(c). We see that for each measured n between
2 × 1012 and 8 × 1012 cm-2 , ρxx (T ) decreases with decreasing T (metallic behavior,
dρxx /dT > 0, attributed to acoustic phonon scattering) and saturates to a residual
value ρ◦ (n) ∼ (115 ± 35) Ω (or (4.5 ± 1.3) × 10−3 h/e2 ), ascribed to charged impurity
scattering below 20 K. The observed metallic behavior is n-dependent, exhibiting
a diﬀerent rate of resistivity increase with T . In contrast to the tBLG, monolayer
graphene exhibits a linear temperature dependence in resistivity (ρ ∝ T ), independent
of n, and AB-bilayer graphene shows very weak T -dependence over comparable n
ranges as we measured [75, 217]. We have also examined T -dependent ρxx of the
reference Device D (θ ∼ 5◦ , see Fig. 5.7). The Dirac cones of those bilayers are
displaced by a longer wavevector in momentum space and mostly decoupled. Hence,
the vHss (± nvHs ) of such sample are out of the range of accessible n. In Device
A, we see that the room temperature resistivity is higher than the low-T saturation
value by ρ(n, T = 300 K) − ρ◦ (n) ∼ 300 to 500 Ω/2, attributed to the contribution
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of electron-acoustic phonon scattering. In contrast, ρ(n, T = 300 K) − ρ◦ (n) is only
∼ 30 Ω/2 in Device D (Fig. 5.7) over comparable ranges of n.

Fig. 5.6. (a) T -dependence of resistivity (ρxx ) for n from 2.2 to 7.2 ×1012
cm-2 , in the range marked by the dashed line rectangle in 5.5(a), exhibiting
metallic behavior (dρxx /dT > 0). The T -dependence below 150 K can
be ﬁtted to Δρ(n, T ) = ρ(n, T ) − ρ◦ (n) = αT β , ascribed to acoustic
phonon scattering. Representative ﬁts to the equation at T < 160 K
(without accounting high energy phonons) for n = 4.7 × 1012 cm-2 (b)
and for n = 7.2 × 1012 cm-2 (c). The ﬁts (solid lines) yield T -exponent
β = (1.03 ± 0.04) and (1.56 ± 0.04) for n = 4.7 × 1012 cm-2 and 7.2 × 1012
cm-2 , respectively. (d) Fitted (β) as a function of n for Devices A (θ ∼ 2◦ )
and D (θ ∼ 5◦ ).
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To quantitatively discern the diﬀerence in the resistivity of the tBLG at various n,
we ﬁt the ρxx (<∼150 K) data to Δρ = ρ(n, T )−ρ◦ (n) = αT β , where α is the prefactor,
and β is the T -exponent. Examples of the ﬁts are shown in Fig. 5.6(b and c). Figure
5.6(d) shows β versus n for Devices A (θ ∼ 2◦ ) and D (θ ∼ 5◦ ). The β of Device A
features a W-shaped curve with minima of 0.9 at ± nvHs and maxima of ∼ 1.4 − 1.6
when n approaches to ± nSMG , whereas for Device D the β ranges ∼ 1 − 1.3 and does
not have strong dependence on n. Note that the measured β is diﬀerent from that in
monolayer graphene in which in-plane acoustic (LA/TA) phonon scattering gives rise
to a linear-in-T resistivity (β ≈ 1) [215,217]. The resistivity of tBLG, however, can be
signiﬁcantly changed by both interlayer scattering via ﬂexural phonons (ZA and ZO’)
and intralayer scattering via in-plane acoustic phonons [125,131,219,227], resulting in
β > 1, as seen in Devices A and D (in the regime of electronic decoupling). While one
might expect similar phonon scattering situation for both devices, the characteristic
energy band of tBLG in the regime of small-θ tBLG could inﬂuence the resistivity
diﬀerently. Near the vHss, a suppression of v F caused by the interlayer coupling [227]
increases the resistivity (small and broad peaks located at ∼ ± nvHs ), as shown in Fig.
5.5(a). Thermal broadening smears out these resistivity peaks at higher T and reduces
β ∼ 0.9. Prior studies [131, 227] have considered diﬀerent contributions of acoustic
phonon modes to the e-ph scattering in tBLG with various θ. The theories [131, 227]
have predicted a signiﬁcant change in the contribution of diﬀerent phonon modes to
the resistivity when n increases toward SMG in the small-θ regime, which may oﬀer
an interpretation for the distinct n-dependence of β (see Fig. 5.6 (d)) we observed in
Devices A and D.
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Fig. 5.7. T -dependent ﬁeld eﬀect, T -dependent ρxx at various n and representative T -ﬁt for Device D (θ ∼ 5◦ ). (a) Field eﬀect measurement at
diﬀerent T . T -dependence of ρxx (b) for n = 1.5 × 1012 to 5 × 1012 cm-2
(e-doped), and (c) for n = 1.3 to 5 ×1012 cm-2 (p-doped). Data are extracted from the curves in (a). A representative ﬁt for n = 6.1 × 1012 cm-2
is presented in (d). The solid line is a ﬁt to Δρxx = αT β at T < 150 K,
giving β = 1.31 ± 0.07.
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5.6

Transport at High Magnetic Field

5.6.1

Berry Phase and Quantum Hall Eﬀect

We have measured quantum Hall eﬀects (QHE) in such small-θ tBLG as Device
A and observed features diﬀerent from those in either AB-bilayer or large-θ tBLG
[126, 166]. Figure 5.8 shows a color plot of Rxx versus V BG and V TG for Device A,
acquired at B = 6 T and T = 1.6 K. The central and side white stripes denote the
CNP and SMGs, located at the same position as those presented in Fig. 5.4(a). In the
plot, we can see two markedly diﬀerent types of LL-like features stemming from the
CNP (total n = 0) and the two side SMGs, which are separated by the vHss (white
dashed lines). The LL crossings seen in the vicinity of the CNP (between the e-vHs
and h-vHs) originate from two sets of LLs of the graphene bilayers when D lifts the
layer degeneracy, similar to that observed in large-θ tBLG [166]. On the other hand,
we see only one set of LLs that manifests as lines parallel to those corresponding to
CNP and SMG (dashed lines in Fig. 5.8), for n beyond e- or h-vHs.
The zoomed resistance map Rxx (B = 6 T) from the region enclosed by the
blue solid lines in (a) is shown in Fig. 5.9(a). The gate voltages are converted to
D/ε◦ (transverse electric ﬁeld) and ﬁlling factor (measured from the e-SMG) νe =
(n − nSMG )h/eB, where h is the Planck’s constant. The negative values of νe in Fig.
5.9(a) represent hole-like carriers between the e-SMG and e-VHS (see also Rxy in Fig.
5.4(b)). We observe the sequence of the QH states (black stripes) following steps of
4 in νe (i.e., −4, −8, −12, . . .), which is independent of D. Figure 5.9(b) shows the
Rxx and Rxy as functions of n at B = 6 T, measured along the orange dashed line
with D/ε◦ = -0.51 V/nm in (a). Rxy exhibits several developing quantized plateaus
at −h/8e2 , −h/12e2 , −h/16e2 , where Rxx is also minimal. The νe sequence suggests
massive fermions (ascribed to the parabolic band edge near the SMG [213, 214]) and
the 4-fold degenerate LLs which follow from the spin and Fermi contour degeneracy
of the parabolic energy band near the e-SMG [15,16]. We also measure Shubnikov-de
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Haas (SdH) oscillations at ﬁxed gate voltages (denoted by the green open squares in
both Figs. 5.9(a) and 5.8), as presented in the inset of (a). The Landau plot (LL
index (N ) vs. 1/B) of the oscillations in the inset shows a zero N -intercept. This is an
indication of zero Berry phase, which is another key feature diﬀers from the massless
charge carriers in monolayer graphene.

Fig. 5.8. Longitudinal resistance (Rxx ) (color scale) as a function of V TG
and V BG for Device A, measured at B = 6 T and T = 1.6 K. For carrier
density n between the two vHss, we observe crossing of two sets of Landau levels (LL) when the layer degeneracy is broken by applying D. In
contrast, only one set of LLs (manifested as lines parallel to the D-axis)
are observed for n beyond those of the vHs in the electron- or hole-side of
CNP.
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Fig. 5.9. (a) Zoomed-in color scale plot of the Rxx (from the region
bounded by thick blue solid lines in Fig. 5.8, between the vHs and SMG
in the electron-side of CNP) as a function of D/ε◦ and ﬁlling factor (νe )
for Device A, showing developing quantum Hall (QH) states (occurring
in steps of 4 in νe ). The inset shows the assigned LL index (N ) and
corresponding Shubnikov-de Haas (SdH) oscillation in ΔRxx (Rxx with
background subtracted) versus 1/B, taken at ﬁxed gate voltages (marked
by the green open square in both Figs. 5.8 and 5.9(a) with D/ε◦ ∼ −0.4
V/nm and n = −3.2 × 1012 cm-2 . The solid line is a linear ﬁt with N
axis intercept −0.07 ± 0.05, indicating zero Berry phase (dissimilar to
monolayer graphene). (b) Rxx and Rxy versus n at D/ε◦ = −0.51 V/nm,
measured along the orange dashed line in (a).
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We now turn to the CNP region (n ∼ 0), showing LL crossings emanated from the
lower and upper graphene layers. Figure 5.10(a) displays the zoomed color plot of Rxx
(B = 6 T) between the two vHss (white dashed lines) in Fig. 5.8 as a function of D/ε◦
and ν = nh/eB. Filling factor combination ν = ν L +ν U for several expected QH states
(regions in black) has been included as a guide to the eye. A complete set of ν for
all expected QH states is schematically illustrated in Fig. 5.10(b). At D = 0 (along
the orange dashed line in (a)), the Rxx and Rxy versus n (see Fig. 5.11(a)) reveal
steps of h/8e2 between each developing quantized plateau in Rxy , which is consistent
with the assignment progressing from ±4 to ±28 with steps of 8 for both electron (+
sign) and hole (− sign) doping in Fig. 5.10(b). This 8-fold degeneracy arises from the
spin, valley and layer degeneracies [166]. A similar step size (h/8e2 ) in Rxy is found
in the SdH oscillations measured at D = 0 and n = 2.4 × 1012 cm-2 , as seen in Fig.
5.11(b). We assign each minimum in Rxx of the oscillations as the corresponding LL
index (N ) from ν = 8(N + 12), where N = 0, ±1, ±2, . . . The data can be linearly
ﬁtted with slope 12.7 T and intercept ∼ −0.5 in the vertical N -axis (see the inset
in Fig. 5.11(b)), revealing a Berry phase attributed to the decoupled monolayer
graphene each possessing a carrier density of n/2. On the other hand, we see an
alternating stripe pattern (LL crossing) with changing D in Fig. 5.10(a), as expected
from two decoupled monolayers [166, 210]. We further observe a beating pattern in
the SdH oscillations at D/ε◦ = −1.2 V/nm (layer polarized) and ν ∼ (6 + 18) QH
states (see Fig. 5.11(c)), conﬁrming a superposition of two independent QH states
with diﬀerent ﬁlling factors from two decoupled monolayers. The inset presents the
Fourier transform (FT) amplitude versus frequency corresponding to Fig. 5.11(c)
data, exhibiting two prominent peaks arising from the carrier densities of diﬀerent
layers (nU ∼ 2.9 × 1012 cm-2 and nL ∼ 8.1 × 1011 cm-2 ). These results suggest that the
low-energy electronic structures (n < nvHs ) of tBLG (θ ∼ 2◦ ) corresponds to that of
two decoupled monolayers with linear energy dispersion.
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Fig. 5.10. (a) Close-ups of the Rxx (color scale) between the two vHss in
Fig. 5.8 as a function of D/ε◦ and ν for Device A, measured at 6 T and 1.6
K. (b) Schematic (adapted from ref. [166]) of expected QH states (regions
in black) with corresponding ﬁlling factor combination (ν = ν L + ν U ) in
the measured range in (a).
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Fig. 5.11. (a) Rxx and Rxy at D = 0, measured along the orange dashed
line in Fig. 5.10(a), as functions of n for Device A. The associated with the
minima in Rxx are ±4, ±12, ±20 and ±28 (indicating 8-fold degenerate
LL). (b) Rxx and Rxy as functions of B measured at D = 0 and n =
2.4 × 1012 cm-2 , showing SdH oscillations from two decoupled graphene
monolayers with the same carrier density (n/2). The inset displays the
assigned LL index (N ) plotted against 1/B. The solid line is a linear ﬁt
with N axis intercept −0.49 ± 0.02, which indicates π Berry phase for
massless Dirac fermions. (c) Rxx and Rxy versus B measured at D/ε◦ =
−1.2 V/nm and n = 3.7 × 1012 cm-2 . Here the oscillations arise from
two decoupled monolayers, where the layer degeneracy in the LLs (and
layer density) has been lifted by D 6= 0. The inset shows the magnitude
of Fourier transform of Rxx (1/B). The two peaks at 8.4 T and 30 T
correspond to the two diﬀerent layer densities nU and nL , respectively.
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5.6.2

Fermi Velocity Reduction

We have performed T -dependent SdH oscillation studies in the decoupled regime
in Device A. We calculate the cyclotron mass (m∗ ) as well as v F from the T -dependent
oscillations at n = 1.4 × 1012 cm-2 and D = 0, where the DP of two layers is vertically
aligned (with comparable doping) and the band renormalization due to the interlayer
asymmetric potential is insigniﬁcant [162, 212]. Figure 5.12 shows the T -dependence
of the oscillation amplitude ΔRxx at n = 1.4×1012 cm-2 . The ΔRxx for the oscillation
at 0.2 T-1 (ν = 6+6 QH state) is normalized by the ΔRxx (T = 1.6 K) and is shown in
the inset as a function of T . By ﬁtting to the Lifshifz-Kosevich formula [23, 228], we
can extract m∗ ∼ 0.029 me (me being the electron rest mass) and v F ∼ 0.58 × 106 ms-1 ,
giving a 40% v F suppression in the tBLG (θ ∼ 2◦ ) compared with that in monolayer
graphene (vF◦ ≈ 106 ms-1 ). This reduced v F implies a ﬁnite interlayer coupling in the
tBLG, which agrees with the presence of both vHss and SMGs ascribed to interlayer
interactions. We obtain consistent v F values in a diﬀerent measurement at n =
2.5 × 1012 cm-2 (see Appendix G). In addition to Device A, we performed similar
measurement on Device D (at θ ∼ 5◦ ), resulting in v F ∼ 0.9 × 106 ms-1 (see Appendix
G). Our ﬁndings conﬁrm that v F depends strongly on both θ and interlayer coupling
in tBLG.
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Fig. 5.12. Temperature dependence of the SdH oscillation ΔRxx (with
background subtracted) at n = 1.4 × 1012 cm-2 and D = 0 for Device A.
The inset presents the temperature dependence of the normalized amplitude of ΔRxx for the oscillation at 5 T (ν = 6 + 6 QH state). The solid
line is a ﬁt to the Lifshifz-Kosevich formula, yielding the electron eﬀective
mass (m∗ ∼ 0.029me ) and Fermi velocity (v F ∼ 0.58 × 106 ms-1 ).
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5.6.3

Determination of Interlayer Coupling Strength and vHs Energy

To see the eﬀect of the v F reduction as well as other transport features on the
interlayer interaction in our tBLG encapsulated in h-BN layers, we estimate the tθ
and vHs energy (E vHs , the energy diﬀerence between the main DP and vHs) from
our experiment. It has been reported that v F decreases with reducing θ or increasing
interlayer coupling strength (tθ ) [34],
tθ
vF
= 1 − 9( ◦
)2 ,
◦
hv
vF
¯ F ΔK

(5.5)

where ΔK = 2|ΓK| sin ( 2θ ) is the relative DP shift of the two graphene layers with
ΓK being the distance between the Γ and K points of Brillouin zone, and h̄ is the
reduced Planck constant. For θ = 2◦ , ΔK = 0.059 ˚
A-1 , and v F = 0.58 vF◦ , we estimate
tθ = (84 ± 5) meV from eq. 5.5, which is in a good agreement with previous theoretical
and experimental studies [1,12,14,24,34]. We note the similarity of tθ measured from
small-θ tBLG on diﬀerent substrates (SiO2 [212] and h-BN (this work)), indicating
that tθ is relatively not sensitive to the surrounding dielectric environment, disorder,
and interfacial strain. The energy diﬀerence between the two vHss can be estimated
¯ F◦ ΔK − 2tθ [202]. We assume that tθ is similar between the e-doped
by ΔE vHs ≈ hv
and h-doped sides and obtain ΔE vHs = 2E vHs ∼ 220 meV.
In our experiment, E vHs can also be deduced from the Landau quantization pattern
(Rxx versus V TG and V BG at B = 6 T), as presented in Fig. 5.8. Below vHss that
the tBLG behaves like two decoupled graphene layers, each of the LL energy of
(monolayer) graphene depends on the square root of LL index (N ), vF2 and B [39],
q
E N = sgn(N ) 2e¯
hvF2 B|N |.

(5.6)

The Rxx becomes minimum at ν = 4(N + 12 ). As presented in Fig. 5.13(a), equallyspaced lines parallel to those corresponding to CNP and vHs for diﬀerent ν = nh/eB
can be deﬁned. By assuming that v F ∼ 0.58 vF◦ is relatively constant between the CNP
and vHs, and the vHs has little eﬀect on the energy dispersion away from it, we ﬁnd
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the e-vHs is situated at N ∼ 3.5 (ν ∼ 16 for monolayer), which yields E vHs ∼ (95 ± 4)
meV (from eq. 5.6). This further conﬁrms the extracted E vHs from our transport
measurement, which is in a good agreement with a recent STM study of CVD tBLG
on h-BN substrate [48].

Fig. 5.13. (a) Rxx (color scale) as a function of V TG and V BG for Device
A, measured at B = 6 T and T = 1.6 K (same as Fig. 5.8). We add
several blue dotted lines (parallel to those corresponding to CNP, vHs,
and SMG) to indicate the QH states with D = 0 and ν = 8(N + 12 ),
where the degeneracy factor 8 (2-layer, 2-spin and 2-valley), and LL index
(N ) = 0, ±1, ±2, . . .. (b) Zoomed-in color scale plot of the Rxx (same as
in Fig. 5.10(a)) as a function of D/ε◦ and ν at 6 T and 1.6 K, showing
the crossing of Landau levels (LLs). White dots indicate the LL crossings
where the interlayer capacitance (C GG ) and interlayer dielectric constant
(εGG ) are extracted. Red and blue dashed lines, as guides to the eye,
denote the LL index of the upper (N U ) and lower (N L ) graphene layers.
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5.6.4

Analysis of Landau Level Crossings

We further look into the eﬀect of a reduced v F on the interlayer screening of the
tBLG. The density of states vanishes close to the DP, causing the tBLG become less
eﬃcacious in screening adjacent electric ﬁelds [222]. The incomplete charge screening
yields a charge density imbalance (Δn) and interlayer potential diﬀerence between the
two graphene layers. The potential diﬀerence (ΔV ) between the two layers with an interlayer separation (dGG ) depends on the diﬀerence between the average displacement
ﬁeld (D) and the screening ﬁeld ( eΔ2n ) [166],
− ΔV =

D − eΔn/2
,
C GG

(5.7)

where C GG = ε◦ εGG /dGG is the interlayer capacitance per unit area, and εGG is
the interlayer dielectric constant. When two LLs (one from the upper layer with
index NU and the other from the lower layer with index NL ) cross, the LL energy
diﬀerence (E NL −E NU ) between them provides a measure of ΔV , −eΔV = E NL −E NU .
Furthermore, the diﬀerence between the corresponding LL indices provides a measure
of Δn, Δn = (N L − N U )4eB/h. From the values of ΔV , Δn and D for a given LL
crossing, exempliﬁed by those displayed in Figs. 5.10 and 5.13(b), we can extract
CGG from eq. 5.7. The CGG extracted from several LL crossings studied are in good
agreement with each other, with an average CGG = (17.3 ± 0.5) µFcm-2 , and the
corresponding to εGG = 6.7ε◦ for dGG = 0.34 nm. The estimated C GG is at least 2
(7) times of the value in large-θ tBLG (vacuum-ﬁlled parallel plate capacitor) (see
ref. [166] and Appendix H), which we ascribe to the reduced v F in our small-θ tBLG.
The enhancements of CGG and εGG can also be qualitatively comprehanded by the
linear reduction of the Thomas-Fermi screening length with v F , λTF ∝ v F /k F (here
kF2 = nπ is the Fermi momentum) [1], implying a strong electronic screening in small-θ
tBLG.
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5.7

Conclusions
We have performed temperature-dependent and magneto-transport studies on

dual-gated tBLG devices with small-θ and encapsulated in h-BN layers, where we
observe the transport features associated with vHs and SMG in addition to the main
DP. We have observed that the resistivity measured between the CNP (n = 0) and
SMG follows a power-law behavior, ∼ T β . The extracted temperature exponent β
exhibits a W-shaped carrier density-dependence with two minima at the vHss, suggesting an unique electron-phonon coupling for small-θ tBLG. From our experiment,
we have measured the SMG gap size, which conﬁrms its relatively large value as
reported in a recent report [214]. We have also estimated the interlayer coupling
strength, which may be useful input for further studies on the origin of the large
SMG gap. By measuring SdH oscillations at high magnetic ﬁelds, we have seen Berry
phase from π to 2π when tuning the Fermi level across the vHs. Fermi velocity suppression and Landau level crossings found at carrier densities below the vHs reveal
strong interlayer coupling in the small-θ tBLG.
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6. PHOTOELECTRICL PROPERTIES OF
GRAPHENE-CDSE QUANTUM DOT HYBRID
In the previous three chapters, we have investigated both the intralayer and out-ofplane Raman modes (vibrational properties) as well as how the electric-ﬁeld (doping)
inﬂuences the Raman responses of twisted bilayer graphene (tBLG). We have also
studied the electrical properties of high-quality tBLG at small-twist-angles. Graphenesemiconductor hybrids (and/or heterostructures) combine the distinctive properties of
individual materials, which could bring forth new interesting properties and functionalities to their hybrids. In this chapter, I present our investigation of graphene-CdSe
QDs (cadmium selenide quantum dots) hybrid devices, where graphene provides high
speed charge transport and QD is an excellent (visible) light absorber. In particular, we investigate the photoelectrical (photoresponse) performances of such hybrid
devices at room temperature. We monitor charge (carrier) transfer doping between
QDs and graphene using ﬁeld eﬀect measurement. By performing photoresponse
measurements, we ﬁnd bipolar (negative and positive) persistent photoconductivity,
depending on doping type in the graphene controlled by gating. The relaxation time
on the order of hours for negative photoconductance is observed after ceasing illumination.

6.1

Introduction
Atomically thin graphene possesses exceptional properties that make it a promis-

ing material for electronics, optoelectronics and photovoltaics [1, 8, 79, 102, 229–232].
However, low absorption cross-section in monolayer graphene (SLG) (∼ 2.3 % in visible spectrum) restrains its interaction with photons [4]. Numerous strategies have
been exploited to address this limitation [102, 169, 233–242]. Hybrid devices, com-
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bining high carrier mobility of graphene with excellent light-sensitive quantum dot
(QD), have been demonstrated with improved photogain and new photoelectrical
functionalities [237]. While QDs have been extensively investigated in a variety of
photoactive devices owing to their excellent optical properties [243,244], low cost and
simple synthetic process, its poor electrical conductivity has nevertheless limited its
use in optoelectronics [245]. For such a hybrid device, its eﬃcacy depends on the
interfacial charge transfer (charge donation or acceptance) of graphene and QDs, and
charge transport in these materials [237–239]. Understanding and engineering the
interfacial charge transfer based on the relative electron aﬃnity (χ) and Fermi level
(E F ) position of QD and graphene are crucial for better solar cells, light emitting
diodes (LEDs) and other devices with such hybrids.
Measurements of photoconductivity are widely used to probe the photoelectrical properties of a device with an input light source. In positive photoconductivity (PPC) [246, 247], mobile charge carriers are generated in the conduction (CB)
and/or valence (VB) bands in a material when exposing to light, causing an increase
in electrical conductivity. In contrast, only few systems are found to have negative photoconductivity (NPC) in which their conductivities reduce upon light exposure [119, 248–251]. Prior studies have proposed that NPC is attributed to impurityrelated photoabsorptions and/or to a reduction in carrier mobility induced by light
illumination [119, 248–251]. Persistent PPC and NPC has been observed recently
in graphene devices,30 originating from creation of trapped charges at the Si-SiO2
interface and/or removal of adsorbates on graphene surface by laser heating. Unfortunately, the approach has several drawbacks in that it has a slow response time, a
long switching time between PPC and NPC, and is lack of gate tunability.
In this chapter, we present a comprehensive study of charge transfer doping between graphene and QDs in a photosensitive hybrid graphene-QD ﬁeld eﬀect transistor (GQFET), constituting of a SLG ﬁlm sensitized with colloidal CdSe QDs (around
a hundred nanometer thick, sheet density ≥ 1.2 × 1012 cm-2 ). We observe that a
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CdSe QD ﬁlm n-dopes (electron transfer) graphene probed by FE measurement,
estimating the CdSe QD E F ∼ 3.33 eV (before contacting with graphene). In addition, we ﬁnd two gate-tunable photoconductive characteristics in our devices at
room temperature : PPC/NPC and persistent photoconductivity. Our GQFETs allow a simple and fast-switching capability between PPC and NPC by controlling the
back-gate voltage (V g ) and provide persistent photoconductivity with very long decay
times (more than an hour after the termination of light excitation) compared to those
reported in prior literature [252].

6.2

Sample Preparation and Characterizations
SLG grown by chemical vapor deposition (CVD) and colloidal CdSe QDs (with

diameter of ∼ 4 nm; see the transmission electron microscopy image in Fig. 6.1),
with the ﬁrst excitonic peak of ∼ 585 nm in hexane solution [253], as shown in Fig.
6.2(a)) were exploited in making graphene-QD hybrids. Figure 6.2(b) presents transmission spectra of a graphene-CdSe QD hybrid, bare graphene and CdSe QD ﬁlm
(5 coated layers with ethanedithiol (EDT) ligand exchange). The percentage transmittance of the continuous graphene ﬁlm at 550 nm is ∼ 97.8 %, which is consistent
with the universal 2.3 % optical absorption of graphene [4]. A considerable decrease
of transmittance of graphene-CdSe QD hybrid at the same wavelength is found (T
∼ 92.4 %), which is consistent with the product of transmittance of graphene and
QD ﬁlm (Tgraphene ∗ TCdSe QDs ). Figure 6.2(c) shows a typical Raman spectrum of
graphene-CdSe QD hybrid prepared on a Si substrate. We observe a symmetric 2D
Raman peak of the graphene near 2680 cm-1 and the intensity ratio of I 2D /I G > 2
was obtained, consistent with the Raman features of SLG [63]. The disorder-related
D peak of graphene near 1350 cm-1 is below detectable limit [52,63]. The background
stems from the photoluminescence of CdSe QDs. We also observe the CdSe longitudinal optical (LO) phonon mode and its second harmonic, 2LO mode, near 204 cm-1
and 411 cm-1 respectively [254], indicating the presence of QDs on the graphene sur-
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face. Graphene ﬁeld eﬀect transistors (FET) with highly doped Si substrate used as a
back-gate were ﬁrst fabricated. CdSe QDs were then deposited on the graphene FETs
to form GQFETs after initial transport characterization. Schematic of a GQFET is
illustrated in Fig. 6.2(d) for this work.

Fig. 6.1. Ultraviolet/visible (UV-Vis) absorption spectrum of CdSe QDs
dispersed in hexane solution. Inset shows orange color emission from the
QDs under UV illumination, which qualitatively agrees with the band
edge absorption peak at ∼ 590 nm in the spectrum.
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Fig. 6.2. Characterizations of CdSe quantum dots (QDs), CVD grapheneQD hybrids, and CVD graphene ﬁlm and schematic of a hybrid phototransistor device. (a) Low-resolution transmission electron microscopy image
of the CdSe QDs dispersed on a Cu grid with holey carbon ﬁlm. (a)
Ultraviolet/visible (UV-Vis) transmission spectra of graphene ﬁlm, CdSe
QD ﬁlm, and graphene-CdSe QD hybrid ﬁlm on a quartz substrate. The
QDs consist of 5 coated layers. (c) Micro-Raman spectrum of a graphene
ﬁlm (G and 2D Raman peaks) decorated with a thin layer of CdSe QDs
(LO and 2LO Raman peaks) on a Si substrate. (d) Schematic of a hybrid
CVD graphene-QD ﬁeld-eﬀect transistor (GQFET) device. The SiO2 /Si
substrate used in (c, d) is a highly p-doped Si wafer with 300 nm SiO2
overlayer.
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6.3

Determination of QD Fermi Energy Level by Charge Transfer
We ﬁrst study the transfer characteristics of the graphene FETs due to the in-

ﬂuence of CdSe QDs by ﬁeld eﬀect measurement. From the change of the transfer
characteristics of the samples, we can estimate the charge carrier density transfer
before graphene and CdSe QD ﬁlm. Figure 6.3(a) shows the transfer characteristics (sheet resistivity Rs vs V g ) of a GQFET with EDT passivated QD ﬁlm. The
transfer characteristics of the sample were measured at three diﬀerent stages (e.g.,
before QD deposition, after QD deposition, and thermal annealing) in dark, vacuum
(∼ 10−3 Torr). Before QD deposition, the charge neutral point (CNP) voltage V DP
of the graphene FET is ∼ 53 V (empty red circles). We did a thermal annealing
on the grapehen FET before the ﬁeld eﬀect measurement in order to reduce water and oxygen absorbates on the surface of graphene which p-dopes graphene via
electrochemical redox reaction [255]. The possible reason for the non-zero V DP after
annealing is attributed to the presence of trapped charges and defects on graphene
and/or the interface of graphene-SiO2 . After QD deposition, the V DP of the GQFET
decreases from ∼ 53 V to ∼ 29 V, indicating electron accumulation in graphene. The
deposition of QD ﬁlm was done by spin-casting in ambient conditions. The GQFET
was then quickly reloaded in the measurement chamber for evacuation. By using
a planar capacitor model, the electron transfer (Δn) to graphene in EDT capped
QDs is estimated, yielding Δn = (C ox /e)ΔV DP = 1.7 × 1012 cm-2 , where C ox = 11.6
nFcm-2 for a 300 nm thick SiO2 , e is the electron charge, and ΔV DP is the shift of
V DP . Subsequently, the GQFETs were subjected to a thermal annealing in vacuum
(∼ 380 K for 90 minutes), a further shift of V DP toward negative voltage (from ∼ 29
V to ∼ -10 V) is found in the GQFET. The value of V DP indicates that the GQFET
becomes n-doped with E F of ∼ 4.5 eV (below the vacuum level) and the total electron
transfer to graphene is ∼ 4.2 × 1012 cm-2 (equivalent to the shift of V DP ∼ 60 V).
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Fig. 6.3. Charge (electron) transfer characteristics from QDs to graphene
as studied by ﬁeld-eﬀect (FE) measurements. The FE curves showing
sheet resistance (2D resistivity) Rs as a function of back-gate voltage V g
for GQFETs that were fabricated using QDs passivated by EDT ligands in
several conditions : before QD deposition, after QD deposition, and after
thermal annealing (at ∼ 10−4 Torr, 380 K for ∼ 60 minutes). The shift in
charge neutrality point (CNP) voltage measures the amount of electron
charge transfer (Δn) from QDs to graphene. All FE measurements were
performed in dark, vacuum and at ∼300 K. (c − d) Schematic energy level
diagrams near the interface of CdSe QD and graphene. The energy barrier
arising from the ligand hinders charge transfer. Two possible mechanisms
for electrons to transfer from QD to graphene, by (1) tunneling and (2)
thermionic emission, are depicted in (c). Before thermal annealing, the
Fermi level (E F ) of the hybrid (graphene and QDs) is not in equilibrium.
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Diﬀerent ligand passivation layer (oleic acid or in short form OA) of CdSe QD was
also used in fabricating GQFET devices. Figure 6.4 shows the representative transfer
characteristics of a GQFET with OA passivated QD ﬁlm. The V DP of the device is
almost the same as that of the GQFET with EDT ligands (Fig. 6.3(a)) after thermal
annealing, suggesting that these systems reach equilibrium after the annealing. Note
that the annealing process also improves carrier mobility and reduces the asymmetry
of FE curves (see Table 6.1). It is worthy to note that there is no explicit change in the
V DP (negligible electron transfer) of the GQFET after depositing an OA passivated
QD ﬁlm (Fig. 6.4). This diﬀerence could be understood by the nominal length of
ligand molecules which increases the inter-distance between graphene-QD, and QDQD, thereby reducing charge transfer eﬃciency between graphene-QDs. The nominal
˚ [256]. Hence, the EDTlength of OA (∼ 18 ˚
A) is longer than that of EDT (∼ 5 A)
GQFET has a higher charge transfer eﬃciency than OA-GQFET, consistent with
their transfer characteristics.

Table 6.1.
Summary of the transport parameters in the GQFETs (Figs. 6.3 and 6.4)
before and after QD deposition, and after the second thermal annealing.
The shift of V DP = V DP(ﬁnal) − V DP(initial) , the corresponding change in
charge density Δn = nﬁnal − ninitial are tabulated. Carrier mobilities are
extracted at n ≈ ± 1.45 × 1012 ) cm-2 .

Ligand
Before QD dep.
EDT

OA

ΔV DP (V)

Δn (cm-2 )

µe (cm2 /Vs)

µh (cm2 /Vs)

0

0

566

2172

911

1996

12

After QD dep.

-23

1.7 × 10

After post-anneal

-58

4.2 × 1012

1432

2002

Before QD dep.

0

0

268

1694

After QD dep.

-6

4.4 × 1011

126

1818

1698

1200

After post-anneal

-59

4.3 × 10

12
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Fig. 6.4. Charge (electron) transfer characteristics from OA capped QDs
to graphene as studied by FE measurements. The FE curves were measured in several conditions: before QD deposition, after QD deposition,
and after thermal annealing (at ∼ 10−4 Torr and 380 K for ∼ 60 minutes).
The measurements were done with EDT-GQFET.

Figure 6.3(c) schematically illustrates the energy level diagram of the QD sensitized graphene system under study. The work functions and energy levels are available
from literature, for CdSe [257,258], and graphene [259]. The EF of intrinsic graphene
is ∼ 4.6 eV below vacuum level, and aligns with respect to the conduction band edge
(∼ 3.3 eV below vacuum level for ∼ 4.2 nm diameter particle) of CdSe QD in accordance to Fig. 6.3(c). A tunneling barrier is introduced at the interface of the two
materials to represent organic ligands which passivate QD. This barrier suppresses
electron transport between QD-QD, and QD-graphene. The graphene is found to
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be p-doped due to extrinsic doping that slightly lowers the E F (∼ 4.83 eV below the
vacuum level) with respect to that in intrinsic graphene. The negative shift of V DP
measured in the FE measurement indicates predominant electron transfer from QD
to graphene in order to equilibrate to their E F ’s. Owing to the energy barrier, the
GQFET is in non-equilibrium state after CdSe QD deposition, and reaches equilibrium state after thermal annealing. The signiﬁcant increase E F of graphene after the
annealing indicates that the enhanced electron transfer between QDs and graphene
is a thermally activated process, which could be due to thermally assisted tunneling
and thermionic emission (see Fig. 6.3 (b, c)). Through the use of FE measurement,
we determine the E F of CdSe QD ﬁlm is ∼ 4.5 eV (below the vacuum level). This
method suggests that graphene FET could be a complementary charge sensitive probe
for investigating the electronic properties of nanomaterials. In addition, the eﬀects
of CdSe QDs on the electrical transport properties of GQFET corroborate that the
QD behaves as an electron donor [260, 261] when it is in contact with graphene.

6.4

Photo-induced Charge Transfer
Similar to the thermally activated carrier transfer, photo-excitation paves a way

to control carrier transfer between graphene and QD, leading to a photo-transistor.
We now focus our discussion on GQFETs with EDT ligands. We ﬁrst measured the
source-drain resistivity as a function of V g in dark and vacuum. Then we monitored
the resistivity of graphene under illumination using a continuous laser beam with a
diameter of ∼ 1.1 mm (larger than a FET device), while altering the E F of graphene
by V g . Figure 6.5(a) show the sheet resistance Rs as a function of V g under diﬀerent
incident powers of 532 nm laser, revealing the downshift of V DP . A smaller downshift
of V DP is observed using a 638 nm laser excitation (Fig. 6.6) compared to a 532 nm
laser excitation. It is consistent to a large distribution in the size of QDs indicated by
a broad absorption peak (beyond the ﬁrst excitonic absorption peak) shown in Fig.
6.1.
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The downshift of V DP indicates the injection of photoexcited electrons from QD to
graphene, overcoming the potential barrier due to ligands. The magnitude of the V DP
shift relates to the transferred electron density (Δn = (C ox /e)ΔV DP ) and strongly
depends on the incident power and wavelength. The increase of incident power results
in more photoexcited electron-hole pairs generated in QDs. The amount of electron
transfer (Δn) of such devices as a function of incident laser power (P ) irradiated
by 532 nm and 638 nm is shown in Fig. 6.6(b). The relation of transferred electron
density and incident laser power follows a power law: Δn ∼ P β , where β is a constant.
The power exponent β is found to be around 0.19 and 0.09 for 532 nm and 638 nm
excitations, respectively.
It is worth noting that the electron transfer is persistent, illustrating in a small
recovery of FE curve (dashed lines in Figs. 6.5(a) and 6.6) after switching oﬀ the
illumination for ∼ 2.5 hours. This persistent charge doping eﬀect is also summarized
in Fig. 6.5(b) denoted as green (532 nm) and red (638 nm) color bands. The width
of the color band accounts the ﬂuctuations which are obtained by several measured
devices in each laser excitation wavelength. The phenomena of the downshift of V DP
with irradiation on and the retention of shifted V DP after irradiation oﬀ are ascribed to
the transfer of photoexcited electrons from QDs and the trapped holes in QDs. Other
possible eﬀects not related to QD, such as photo-desorption of physisorbed water and
O2 molecules on graphene [262] or photo-ionized charges and their trappings in the
underneath Si or SiO2 of the GQFETs, are not expected to play important roles as
revealed in control experiments using graphene FET without QDs (see Fig. 6.7).
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Fig. 6.5. Photo-induced charge transfer of GQFETs (with EDT ligand) as
studied by FE measurements. (a) Typical photogating eﬀect of a GQFET
upon irradiation by 532 nm laser at various incident powers. The FE
curves measured before and after irradiation are also presented as references. (b) Electron charge transfer (Δn, extracted from the shift of CNP
voltage in panel a (532 nm laser) and Fig. 2.6 (638 nm laser)) as a function of incident power (P ) of laser irradiation. The amount of persistent
photodoping after switching oﬀ 532 nm and 638 nm lasers (at the highest
power shown) are denoted by green and red color bands (whose widths
are due to variation from the multiple devices measured), respectively.
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Fig. 6.6. Photo-induced charge transfer of GQFETs (with EDT ligand) as
studied by FE measurement using 638 nm laser. The FE curves measured
before and after irradiation (dashed line) are also presented as references.
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Fig. 6.7. Photoelectrical responses in reference devices under 532 nm
and 638 nm illumination (∼ 500µW). The relative change in sheet resistance, ΔRs /Rs = (Rlight − Rdark )/Rdark ; Rlight and Rdark indicate sheet
resistance in the respective absence and presence of illumination. The
small irreversible response may ascribe to desorption of volatile molecules
on graphene by illumination. (a) Bare CVD graphene FET. (b) CVD
graphene FET treated with process solvents (involving all solvents except QD solution). (c) The FE curves of devices shown in (a) and (b).
Measurement were performed in the vacuum of 10−4 Torr at ∼ 300 K.
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6.5

Gate-Tunable Photoconductivity and Persistent Photoconductivity
We turn now to the dynamics of photoelectrical response of the GQFET with

the gate-tunable ambipolar properties of graphene. Figure 6.8(a) shows the periodic
modulations in the percent change in sheet photoconductance,

ΔGs
G◦

=

Gs (t)−Gs (t=0)
,
Gs (t=0)

where G◦ = Gs (t = 0) is the initial conductance measured in dark, recorded at diﬀerent V g (starting from -55 V to 25 V) using a 532 nm laser (∼ 40 µW incident power
on the sample). By simply changing V g (or the E F of graphene), two types of photoconductivity (PPC and NPC) are observed. Upon illumination, PPC produces an
enhanced photoconductance (ΔGs /G◦ > 0), while NPC produces a reduced photoconductance (ΔGs /G◦ < 0). The former requires (V g > V DP ) (n-doped graphene),
whereas the latter requires (V g < V DP ) (p-doped graphene). The underlying physical mechanism of the observed photoelectrical response could be apprehended by
asymmetric charge transfer and ﬁlling the density of states (DOS) of graphene. The
changing of V g (-55 V to 25 V) does not aﬀect the direction of photoexcited electron
transfer from QD to graphene in the GQFET (Fig. 6.5(a)), presumably due to the
asymmetric energy barrier seen by electrons and holes at the graphene-QD interface,
and lighter electrons compared to holes [263]. Figure 6.8(b,c) depict the energy band
diagram for p-doped graphene (V g < V DP ) during and after illumination. Photoexcited electrons transferred from QDs ﬁll up the DOS between the CNP and the E F of
graphene, leading to a decrease of conductance (NPC). Similar situation for n-doped
graphene (V g > V DP ) photoexcited electrons ﬁll up the DOS above E F and CNP,
increasing device conductance (PPC). This net electron transfer out of QDs results
in an accumulation of holes in QDs, spatially separated by the energy barrier near the
graphene-QD interface. The recombination of these photoexcited holes (Fig. 6.8(c))
is hindered by the energy barrier for the back transferred electrons and by surface
hole trap states [264, 265], leading to a strong photogating eﬀect through capacitive
coupling. This charge trapping mechanism explains the observation of persistent
photoconductance in the illuminated device.
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Fig. 6.8.
Glight −Gdark

(a) The percentage change in sheet conductance,

ΔGs
G◦

=

, at various V g irradiated periodically (10 s) with a 532 nm
laser at P ∼ 40 µW. Positive and negative photoconductivity (PPC and
NPC) are observed for V g > -20 V and V g < -20 V, respectively. Yellow
shaded bands indicate the time intervals of illumination. (b) Transient
photoconductance (Gphoto ) and persistent photoconductance (Gpersistent ),
as pictorially deﬁned in the inset, extracted from (a) at diﬀerent V g .
(c) Schematic energy level diagram at the graphene-CdSe QDs interface
showing the photo-induced electron transfer process (now with increased
quasi-Fermi level of electrons, EFN ) for a p-doped graphene (V g < V DP ).
Photo-excited electron transfer (by either thermionic or photon-assisted
tunneling process, symbolically indicated by the arrow “1”) n-dopes the
graphene. (d) Same as in (c) after turning oﬀ illumination. The energy
barrier at interface impedes the back electron transfer (arrow “2”).
Gdark
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We next discuss the behavior of persistent photoconductivity as a function of V g
found in the illuminated device. In Fig. 6.8(b), we deﬁne Gpersistent (a discrepancy in
sheet conductance after and before illumination, illustrated in the inset) and Gphoto
(a photo-induced change in sheet conductance under illumination from before illumination, illustrated in the inset) as a measure of the magnitude of persistent- and
photo-conductance, respectively. In NPC regime, ∼ 60 − 75 % of the change in Gphoto
results in Gpersistent , whereas about 30−40 % of Gphoto contributes to Gpersistent in PPC
regime when switching oﬀ excitation. Without accounting the sign (+/− denotes the
photoconductivity in PPC / NPC regime), the magnitude of Gpersistent is maximum
at V g = -55 V and minimum at V g ∼ -15 V. It rises as V g increases with respect to
V DP (around -20 V after illumination). Beyond V DP , it begins with a rapid increase
and then slowly settles to a constant value.
In addition to the type of doping in graphene (controlled by V g ), illumination
duration also aﬀects the Gphoto and Gpersistent (same deﬁnitions in Fig. 6.8(b)). Figure
6.9(c) presents the Gphoto and Gpersistent obtained from the photoresponses of the
GQFET at diﬀerent illumination durations and at two diﬀerent V g (-55 V and ∼ 0
V). Representative photoresponses of the GQFET for 5 and 30 minutes illumination
periods are shown in Fig. 6.9 (a,b). The two V g ∼ -55 V and V g ∼ 0 V are away from
V DP ∼ 25 V (after illumination), and under n-doping (PPC) and p-doping (NPC),
respectively. A 532 nm laser excitation wavelength with an incident power of ∼ 42 µW
was used. For the device measured at V g ∼ -55 V (diamond symbols in Fig. 6.9(c)),
its conductance reduces under illumination (also see Fig. 6.9(b)) and has a small
recovery after switching oﬀ laser. In contrast, for the device measured at V g ∼ 0 V
(circle symbols in Fig. 6.9(c)), its conductance almost reduces back to its original
value after illumination. Additionally, the conductance of the device parked at V g ∼
0 V saturates in ∼ 3 s which is much faster than that at V g ∼ - 55 V. The result shows
that the Gphoto to Gpersistent (blue diamond symbols) for V g ∼ -55 V strongly depend
on illumination duration compared to that for V g ∼ 0 V (red circle symbols). This
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Fig. 6.9. Persistent photoconductance at two ﬁxed V g with diﬀerent illumination durations. Representative photoresponses of the GQFET for
(a) t = 5 minutes at V g ∼ 0 V, and (b) t = 30 minutes at V g ∼ -55 V. The
green shaded bands denote laser illumination (532 nm, P ∼ 42µW). (c)
The Gpersistent (open symbols) and Gphoto (solid symbols) of the GQFET
(extracted from several illumination durations at two ﬁxed V g ) versus illumination duration t.

diﬀerence may relate to diﬀerent charge relaxation rates between graphene and CdSe
QD ﬁlm at diﬀerent V g (or E F ).

6.6

Thermally Assisted Charge Relaxation
We also study the eﬀects of thermal annealing on the illuminated GQFET showing

persistent photoconductivity. Figure 6.10(a) plots representative FE curves of the
device at diﬀerent stages in a measurement (including electron accumulation and back
transfer). Figure 6.10(b) illustrates the resistivity change of graphene in the GQFET
(in a separate measurement) as a function of time while it is subject to consecutive
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processes of laser illumination and heat treatment. A V g of -45 V (p-doped) is applied
during laser illumination (wavelength of 532 nm, P ∼ 42 µW, Δt ∼ 30 minutes) to
establish persistent photoconductivity indicated by an increase of V DP ∼-25 V (orange
curve in Fig. 5a). Back electron transfer begins after turning oﬀ illumination and
leads to a slight increase in V DP (∼-20 V, yellow curve in Fig. 6.10(a)) and a reduction
of channel resistivity (a sharp decrease in the ﬁrst minute, Fig. 6.10(b)). We note that
the V DP does not return to its initial value without thermal treatment, which could be
attributed to the spatially separated charges between QDs and graphene by ligands
(energy barrier in Fig. 6.8(c)). An expedited increase (decrease) of the V DP following
the heat treatment indicates an expedited back electron transfer, recombining the
positively trapped charges in QD ﬁlm. The V DP (purple curve in Fig. 6.10(a)) and
resistivity (Fig. 6.10(b)) of graphene measured after cooling down return to values
close those observed under the initial conditions. These results suggest that the back
electron transfer observed is a thermally activated process and thermal treatment is
an eﬀective method to refresh the functionality in these hybrid devices.
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Fig. 6.10. Representative FE curves at diﬀerent stages of the measurement
illustrate photo-induced electron transfer (performed using a 532 nm laser
with P ∼ 42 µW), persistent photoconductivity eﬀect, and back electron
transfer after illumination and thermal annealing. (b) Rs of the device
and temperature recorded as functions of time at ﬁxed V g = -45 V in a
separate measurement with similar procedures in (a). Thermal annealing
(duration marked by the shaded band in b) was performed in dark and
vacuum.

6.7

Conclusions
In summary, evidence of electron transfer from CdSe QDs to graphene is presented

in a gate-tunable GQFET, conﬁrming CdSe QDs as n-type dopant to graphene and
the E F of our CdSe QD ﬁlm of ∼ 4.5 eV below vacuum level. Two distinct gate tunability in photoelectrical responses, PPC/NPC and persistent photoconductivity, at
room temperature that have not studied in graphene-QD hybrids are explored in the
present work. These photoconductivity phenomena can be qualitatively understood
by the asymmetric charge transfer rate between CdSe QDs and graphene. The charge
transfer and photoelectrical responses are proven to be sensitive to the thickness of
organic ligand, temperature and wavelength of radiation of light. Our study shows
graphene-QD hybrids could be a promising system for developing inexpensive eﬃcient
optoelectronic and light-harvesting devices.
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A. ANGLE DEPENDENCE OF RAMAN
CHARACTERISTICS OF TWISTED BILAYER
GRAPHENE
In this appendix, we present the Raman characteristics of bilayer graphene as a
function of twist angle (θ). The main discussion can be found in chapter 3.

Fig. A.1. Twist angle dependence of G and 2D Raman features from a total
of 81 bilayer domains prepared by CVD method. (a) Integrated intensity of
the G band (normalized to the value of monolayer, SLG). (b) fwhm of the
G band. (c) Integrated intensity of the 2D band (normalized to the SLG
value). (d) fwhm of the 2D band. (e) 2D band position (blueshift with
respective to the value of SLG). Twist angles are categorized into 7 groups
(0◦ − 5◦ , 5◦ − 9◦ , 9◦ − 11.5◦ , 11.5◦ − 15◦ , 15◦ − 20◦ , 20◦ − 25◦ , 25◦ − 30◦ )
and estimated by measuring the angles formed between neighboring edges
of the ﬁrst and the second layer domains. The colored curves are guides
to the eye. The horizontal lines represent the experimental values for SLG.
All Raman measurements were carried out at room temperature using a
532 nm laser excitation.
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B. TWIST ANGLE DEPENDENCE OF RAMAN
FEATURES MEASURED WITH 633 NM LASER LIGHT
In this appendix, we present the Raman characteristics of bilayer graphene domains
with various twist angles θ. Instead of 532 nm laser light discussed in chapter 3, Fig.
3.4, we excited samples by 633 nm laser light and observe similar phenomena (large
G band Raman intensity enhancement and ZO’L ). The critical angle θc for 633 nm
laser light is around 10◦ , lower than 532 nm laser light.

Fig. B.1. Raman spectra from graphene bilayer domains with diﬀerent θ.
A spectrum from SLG is included for comparison. The vertical scale is
the same before and after the break on the horizontal axis. Because of
the Rayleigh ﬁlter used for 633 nm laser excitation in our system (diﬀerent
from the one for 532 nm laser light), the lowest frequency we can access is
∼ 70 cm-1 , and the spectra show stronger stray light intensity which caused
a steeper rising background toward the low-frequency end of the spectra in
comparison to those obtained under 532 nm laser excitation. As a result,
the spectra excited by 633 nm laser light show larger vertical gaps at the
place where the horizontal axis breaks.
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C. ADDITIONAL ANALYSIS OF RAMAN SPECTRA
FROM TBLG MEASURED WITH 532 NM LASER
In this appendix, we present additional analysis of the Raman spectra from twisted
bilayer graphene (tBLG) measured with a 532 nm laser source. The analysis include
using the R peak position as another method to determine the twist angle of tBLG
and the dependence of G peak position on the normalized 2D intensity from tBLG
grains.

Fig. C.1. (a) Full range Raman spectra of those presented in chapter 3,
Figs 3.4 and 3.5. (b) Zoomed-in spectra in the region of R peak. For the
spectra from top to bottom: the positions of R peak are located at 1496,
1494, 1492, 1490, 1485, 1483 cm-1 , respectively, and θ varies from ∼ 11◦ to
∼ 14◦ . All spectra were measured by a 532 nm laser source.
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Fig. C.2. Dependence of G peak frequencies on the normalized I2D from
tBLG grains. The horizontal blue line represents the G peak frequency of
monolayer graphene acquired in the same samples studied.

163

D. DETERMINATION OF THE FERMI ENERGY OF
GRAPHENE BY RAMAN MEASUREMENT
We have performed Raman spectroscopy measurement on the monolayer graphene
device (with a side-gate or counter-electrode; see Fig. 4.1(a) in chapter 4) under
variable gate voltages (V TG ). We observe similar dependences of the G and 2D Raman
bands on V TG (carrier density, nTG ), as in prior literatures [59, 60]. In this appendix,
we will show our analysis and how to obtain the relation of the G peak position (ω G )
and graphene Fermi energy (E F ).
Figure D.1(a − c) displays the Raman shift, full-width-at-half-maximum (fwhm)
of the G peak, and the ratio of the integrated intensities of 2D and G peaks as
a function of nTG in the SLG device. We convert V TG into nTG (in consideration
of quantum capacitance) by the following relations [60]. The application of eV TG
generates potential energy diﬀerences through geometric and quantum capacitances
(see eq J.7 in Appendix for more details).
eΔV TG

√
e2 nTG
= e(V TG − V D ) =
+ hν
¯ F nTG π,
C TG

(D.1)

where V D is the charge neutrality point (CNP or Dirac point) voltage of graphene,
ν F ≈ 1 × 108 cms-1 is the Fermi velocity, and C TG ≈ 2 × 10−6 Fcm-2 is the estimated geometric gate capacitance per unit area of the ion gel electrolyte. Using these
numerical values, the equation can be rewritten as
√
eΔV TG = 1.167 × 10−7 nTG + 8.011 × 10−14 nTG .

(D.2)

Hence this equation allows us to estimate nTG (in a unit of cm-2 ) at each V TG , as
plotted in Fig. D.1(a − c).
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Fig. D.1. Dependence of the G line frequency (a), fwhm (b), and integrated
intensity ratio A2D /AG (c) on the carrier density (nTG , calculated from the
gate voltage (VTG ) based on geometric and quantum capacitances; eq D.2),
measured in the SLG (upper region in the device) presented in chapter 4,
Fig. 4.1 (a). The positive and negative values of nTG represent electron
(n-) and hole (p-)doping in the SLG, respectively. All features are in good
agreement with typical doping dependence of SLG [59, 60]. (d) Linear
dependence of ω G on E F in the p-doping and n-doping regimes of the SLG
sample. A straight (black) line is ﬁtted to the experimental data (solid red
squares), giving that ∂ω G /∂E F ≈ 45 cm-1 eV-1 for p-doping and ∂ω G /∂E F ≈
39 cm-1 eV-1 for n-doping. The doping eﬃciency is comparable to that in
ref. [60].
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In chapter 4, we consider our tBLG (at a twist angle of ∼ 13◦ ) as two weakly
coupled graphene layers. The Fermi energy (E F ) of the tBLG with two split G
peaks is estimated using the fact that the G peak frequency (ω G ) for SLG is linearly
dependent on its E F [59, 190]. This linear relationship is ﬁrst determined from the
Raman data measured from the SLG that is connected to the tBLG we studied (see
Fig. 4.1(a) in chapter 4; we use the SLG as a reference). Figure D.1(d) shows the
√
ω G as a function of its E F = hν
¯ F nπ (linear energy dispersion) for the SLG. At high
doping (E F  h̄ω G ), E F is linearly proportional to the change in ω G , A|E F | = Δω G ,
where A is a constant. Hence we get the relation between E F and ω G for the SLG,
consistent with the prior report [190] :
For p-doped SLG,
|E F | =

ω G − 1583.8
,
45

(D.3)

and for n-doped SLG,
ω G − 1583.8
,
(D.4)
40
where the unit of E F is eV and the unit of ω G is cm-1 . Together with these equations
√
and the linear energy dispersion (E F = hν
¯ F nπ) of SLG, we can estimate E F and
|E F | =

the corresponding nTG at each V TG from ω G in this study.

Fig. D.2. Dependence of the 2D band frequency (a), fwhm (b), and integrated intensity (c) on nTG in the SLG sample. All spectra are normalized
to the height intensity of the Si Raman line at 520 cm-1 .
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E. DOPING DEPENDENCE OF RAMAN 2D, R AND ZO’
MODES IN TWISTED BILAYER GRAPHENE DEVICES
In this appendix, we present additional results on Raman 2D, R and ZO’ modes in
our study of vibrational properties of twisted bilayer graphene under variable gate
biases, as discussed in chapter 4.

E.1

Doping Dependence of Raman 2D and R Peaks

Fig. E.1. Evolution of the representative Raman spectrum in the region of
the 2D band (a) and the R band (b) in the tBLG as a function of V TG . The
black curves depict the Raman spectrum taken at V D ≈ 0.5 V. Spectra are
shifted vertically for clarity.
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Fig. E.2. Peak position (ω 2D , ω R ) of 2D (a) and R (b) Raman bands in the
tBLG device (chapter 4, Fig. 4.1(a)) as a function of nTG . Empty blue (2D
band) and solid pink (R band) circles are experimental data. These data
are ﬁtted with a phenomenological formula (see the discussion in chapter
3
4) : ω = a + bnTG + cnTG 2 + dnTG 3 + e|nTG | 2 , where ω and nTG are in
units of cm-1 and 1013 cm-2 , respectively [61]. The ﬁtting parameters are
summarized in Table E.1.

Table E.1.
Fitting parameters of Raman R and 2D peak frequencies for the tBLG
based on a phenomenological formula (see the discussion in chapter 4) : ω
3
(in unit of cm-1 ) = a + bnTG + cnTG 2 + dnTG 3 + e|nTG | 2 , which describes
the shift of phonon frequency, Δω = ω − a, as a function of nTG (in unit of
1013 cm-2 ) [61].
Raman modes

a

b

c

d

e

R

1492.1

-1.708

1.297

-0.059

-2.245

2D

2700.4

-0.509

-1.179

-0.097

0.923
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E.2

Doping Dependence of Raman ZO’ Peaks

Fig. E.3. (a) Gate dependence of the Raman spectrum in the region of the
ZO’ in the tBLG. Spectra are shifted vertically for clarity. (b,c) Evolution
of the peak frequency (ω ZO’L ) and integrated intensity (AZO’L ) of ZO’L peak
(layer breathing vibration) as a function of V TG . A Lorentzian lineshape
was used to ﬁt the data. The peak frequency exhibits a linear V TG dependence at low doping (−1 V ≤ V TG ≤ 2 V). However, it undergoes a reversal
at relatively high doping (V TG ≤ −1 V and V TG ≥ 2 V). The integrated intensity of ZO’ peak suppresses signiﬁcantly when the sample is doped (e.g.,
−1 V ≤ V TG ≤ 2 V). This is consistent with the observation of the integrated intensity of the G band and the picture of suppression of interband
direct transition between the two low-energy saddle points (vHss).
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F. FIELD EFFECT AND TEMPERATURE
DEPENDENCE OF TWISTED BILAYER GRAPHENE
WITH TWIST ANGLE BETWEEN 1◦ TO 5◦
In this section, we present the ﬁeld eﬀect measurements in three more devices with
twist angles (θ ∼ 1.3◦ , 1.4◦ , and 5◦ ). We discuss how we estimate θ from the ﬁeld eﬀect
data. We also present a study of the temperature dependence of superlattice-induced
mini-gap (SMG) of the devices at θ ∼ 1.3◦ and ∼ 1.4◦ . Finally, we summarize the
ﬁtting parameters, SMG and characteristic temperature (T◦ ), of our devices.

F.1

Field Eﬀect Measurement at Zero Magnetic Field

Fig. F.1. Longitudinal resistance (Rxx ) (color scale) as a function of topgate voltage (V TG ) and back-gate voltage (V BG ) for tBLG Device B with
θ ∼ 1.4◦ (a), Device C with θ ∼ 1.3◦ (b), and Device D with θ ∼ 5◦ (c). All
measurements were performed at B = 0 T and low temperatures (T ).
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F.2

Temperature Dependence and Superlattice-Induced Mini-Gap

Fig. F.2. (a) Rxx (at B = 0) of Device B versus carrier density (n), measured by sweeping VBG at diﬀerent T , displaying the SMGs at ns ≈ ±4×1012
cm-2 . (b) Rxx (at B = 0) of Device C versus n along the dashed line in
Fig. F.1(b) at various T , manifesting the SMGs at ns ≈ ±3.6 × 1012 cm-2 .
Arrhenius plot of the conductance (Gxx = 1/Rxx ) extracted at ±ns for the
SMGs of Device B (c) and Device C (d). The solid lines represent the best
ﬁts to Gxx = GTA · exp(−Δ/(2kB T )) + GVRH · exp(−(T◦ /T )(1/3) ); the same
equation used in chapter 5, eq. 5.4, involves thermal activation and VRH
at high and low T , respectively. We can obtain two ﬁtting parameters : the
activation gap (Δ) and the characteristic temperature (T◦ ) for VRH, from
three diﬀerent tBLG devices with small-θ. The results are presented in (e)
and (f) as a function of θ.
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F.3

Estimation of the Twist Angle from Field Eﬀect

There are several diﬀerent methods to determine the length of superlattice unit
cell (λm ; moiré wavelength) as well as twist angle (θ) in tBLG and graphene/h-BN
heterostructures. For instance, atomic force microscopy (lateral force) [205–207],
scanning tunneling microscopy [40, 48, 204], Raman spectroscopy [66, 176], ﬁeld eﬀect
measurement [211,213] and measurement based on the crossing of quantum Hall states
of identical ﬁlling factor but originating individually from the main charge neutral
point (CNP) and superlattice-induced mini-gaps (SMGs) [205, 213].
In our experiments, we estimate θ of our samples based on the ﬁeld eﬀect method.
The result also agrees with the Raman features for tBLG at θ ≤ 2◦ . We use the data
of Device A (Fig. 5.4 in chapter 5) to demonstrate the procedure below.
An intuitive idea is to ﬁnd the carrier density needed for a completely ﬁlled single
Bloch conduction (or valence) band (which deﬁnes as the energy band from the main
CNP to e-SMG) since the carrier density depends on the inverse of the area (A) of a
superlattice unit cell [205, 211],
n◦ = 1/A.

(F.1)

The area of a superlattice unit cell relates to λm (i.e., the magnitude of the lattice
vector of superlattice) :

√
3 2
A=
λ ,
2 m
a
λm =
,
2 sin(θ/2)

(F.2)
(F.3)

where |a| = 2.46 Å is the length of the primitive lattice vector of a graphene unit cell
(see a1 and a2 in chapter 1, section 1.2.1).
From the ﬁeld eﬀect data shown in Fig. 5.4 in chapter 5, we ﬁnd Δn ≈ 9.9 × 1012
cm-2 (corresponding to the change in the carrier density from the main CNP to eSMG) for Device A. Δn = 4n◦ , owing to the spin and Fermi contour degeneracy
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(2 × 2). From eqs. F.1 - F.3, we can obtain A ≈ 40.4 nm-2 , λm ≈ 6.83 nm, and θ ≈ 2◦
for Device A.
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G. DETERMINATION OF FERMI VELOCITY FROM
TEMPERATURE DEPENDENCE OF SHUBNIKOV-DE
HAAS OSCILLATIONS IN TWISTED BILAYER
GRAPHENE
In this appendix, we present additional data on temperature-dependent Shubnikovde
Haas (SdH) oscillations for Devices A and D, as discussed in chapter 5. We also show
how to obtain the eﬀective electron mass (m∗ , cyclotron mass) and Fermi velocity
(v F ) from the data.

G.1

Temperature dependence of SdH oscillations for Device A (θ ≈ 2◦ )

Fig. G.1. (a) T -dependence of the SdH oscillations in ΔRxx (Rxx with
background subtracted) for Device A (θ ∼ 2◦ ) at n = 2.5 × 1012 cm-2 . The
average displacement ﬁeld (D) was close to zero in the measurement. (b)
T -dependence of the scaled oscillation amplitude of (ΔRxx ) at B = 5.17
T (total ﬁlling factor, ν = νL + νU = 10 + 10) and 3.68 T (ν = 14 + 14),
giving a carrier eﬀective mass (m∗ ) of 0.042me and 0.040me , respectively.
Their respective Fermi velocities (v F ) are 0.54 × 106 ms-1 and 0.57 × 106
ms-1 . Symbols are experimental data and solid lines are ﬁts to the LifshifzKosevich formula [23, 228].
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G.2

Temperature dependence of SdH oscillations for Device D (θ ≈ 5◦ )

Fig. G.2. T -dependence of the SdH oscillations in ΔRxx (with background
subtracted) for Device D (θ ∼ 5◦ ) at n = 1.5 × 1012 cm-2 (a) and 2.5 × 1012
cm-2 (c). D ∼ 0 maintained in all measurements. Only the oscillatory part
of the longitudinal magnetoresistance (Rxx ) for each T is presented. (b)
T -dependence of the normalized oscillation amplitude of ΔRxx at B = 3.02
T (ν = 10 + 10), 2.16 T (ν = 14 + 14), and 1.69 T (ν = 18 + 18) for
n = 1.5 × 1012 cm-2 , yielding m∗ = 0.022me , 0.019me and 0.017me , and
v F =(0.79, 0.95, and 1.02) ×106 ms-1 , respectively. (c) Same as in (b) at
B = 3.72 T (ν = 14 + 14), 2.89 T (ν = 18 + 18) and 2.36 T (ν = 22 + 22) for
n = 2.5 × 1012 cm-2 . Fits yield m∗ = 0.031me and v F = 0.76 × 106 ms-1 for
ν = 14 + 14 quantum Hall (QH) state, m∗ = 0.022me and v F = 1.03 × 106
ms-1 for ν = 18 + 18 QH state, and m∗ = 0.024me and v F = 0.95 × 106 ms-1
for ν = 22 + 22 QH state. The solid lines are ﬁts to the Lifshifz-Kosevich
formula [23, 228].

175
G.3

Determination of Cyclotron Mass and Fermi Velocity

The oscillating part, ΔRxx (B), of the longitudinal magnetoresistance for each T
can be descried by the Lifshitz-Kosevich formula (which is valid for small oscillations)
[228, 266],
χT
ΔRxx
∝
exp(−χTD ) cos
Rxx
sinh(χT )



2πBF
−π+β
B


(G.1)

Here, χ = 2π 2 kB /hω
¯ c , kB is the Boltzmann’s constant, h̄ is the Planck’s constant, ωc =
¯
eB/m∗ is the cyclotron angular velocity, TD = h/(2πk
B τ ) is the Dingle temperature,
τ is the quantum scattering time, BF is the SdH oscillation frequency in 1/B, and β
is the Berry phase of the charge carrier.
In Fig. G.1(a), we extract the value of ΔRxx at the dip located at B = 5.17 T
(for ν = 10 + 10) and normalize to the value of ΔRxx measured at 1.6 K for each T .
The result is plotted in Fig. G.1(b) marked by the solid green circles. We apply the
same procedure for the dip located at B = 3.68 T (for ν = 14 + 14) and plot in (b)
marked by the solid blue squares.
At ﬁxed B and carrier density, the cosine term in eq. G.1 is constant (because BF
is constant at a ﬁxed carrier density and β = 1/2 for massless Dirac fermions). By
ﬁtting the data to the remaining part of eq. G.1,

χT
exp(−χTD ),
sinh(χT )

we can obtain

χ = 0.119 for ν = 10 + 10, yielding the m∗ = 0.042me .
The Onsager relation BF =

Φ◦
A ,
2π 2 k

where Φ◦ = h/(2e) = 2.068 × 10−15 Wb is

the magnetic ﬂux quantum, allows the estimation of the Fermi surface area (Ak ). In
Fig. G.1(a), the measured BF = 12.76 T for n ≈ 2.5 × 1012 cm-2 . The measured BF
corresponds to Ak = 0.00122 Å−2 . Given that the area of the circular Fermi surface
of Dirac cone is Ak = πkF2 and the relation of crystal momentum and Fermi velocity
is hk
¯ F = m∗ v F . Hence, we ﬁnd the v F ≈ 0.54 × 106 ms-1 for ν = 10 + 10. We employ
the same procedure to compute m∗ and v F for other data sets of T -dependence of
SdH oscillations.
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H. LANDAU LEVEL CROSSINGS OF TWISTED
BILAYER GRAPHENE AT θ ≈ 5◦
In this appendix, we present the observation of Landau level crossings in twisted
bilayer graphene (Device D discussed in chapter 5, θ ≈ 5◦ ).

Fig. H.1. (a) Rxx (color scale) as a function of V TG and V BG for Device D,
measured at B = 5 T and T = 1.7 K, displaying crossing of two sets of
LL over wide ranges of n and D. The LL crossing observed is consistent
with prior reports in large-angle tBLG [166, 267]. (b) Rxx in (a, near the
CNP) as a function of D/ε◦ and ν at 5 T and 1.7 K. White dots marked
the crossing of LLs. The expected ﬁlling factor combinations (ν L + ν U )
are shown in corresponding QH states (regions in dark). The extracted
C GG and εGG are (8.0 ± 0.7) µF/cm2 and 3ε◦ , respectively, with the same
procedure used in Device A (see chapter 5, Fig. 5.13(b) and the context
for the details).
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I. LANDAU FAN DIAGRAM OF TWISTED BILAYER
GRAPHENE AT θ ≈ 2◦
In this appendix, we present the Landau Fan data for the twisted bilayer graphene
(Device A discussed in chapter 5, θ ∼ 2◦ ), measured at temperature of 400 mK and
magnetic ﬁelds up to 18 T. We performed the measurement at the National High
Magnetic Field Laboratory in Tallahassee, Florida.

Fig. I.1. Longitudinal resistance (Rxx ) versus carrier density (n) and magnetic ﬁeld (B) for Device A, measured at temperature T = 400 mK. The
central Landau fan emerging from the main charge neutrality point (CNP)
at n = 0 has a fourfold degenerate QH sequence due to D 6= 0 V/nm.
The Landau fans originating from the SMGs have a fourfold degenerate
QH sequence, consistent with the result shown in chapter 5, Figs. 5.8 −
5.10 (measured at low B-ﬁeld). The two measurements were separately
performed in diﬀerent cryogenic setups on the same device. It is worth noting that the resistance measured near the two vHss (n ∼ ± 5 × 1012 cm-2 )
increases rapidly at B < 5 T. It continues to evolve due to the Landau
quantization from the SMG and the main CNP at larger magnetic ﬁelds.

178

J. CHARGING AND CAPACITANCE MODEL FOR
MONOLAYER AND TWISTED BILAYER GRAPHENE
This section outlines a simple charging and capacitance model for monolayer and
twisted bilayer graphene (tBLG) devices, which is applicable to the experiments studied in the dissertation, in particular chapters 4 & 5. For simplicity, I will discuss the
charging and capacitance model for monolayer graphene device with a gate. I will
then move to the case of a tBLG device with both top and bottom gates. In the
bilayer graphene, I will introduce the deﬁnition of the interlayer displacement ﬁeld
(DGG ), average displacement ﬁeld (D), and total induced carrier density (ntotal ) based
on the model. I will also consider the eﬀect of the quantum capacitance (QC) of
graphene (which is due to the change in the density of states with the Fermi energy,
C Q = Ae2 dn/dEF , where A is the surface area of the capacitor, e is the electron
charge, n is the electron density related to Fermi energy EF ) on the above parameters. Finally, I will conclude that the QC of the tBLG devices studied in chapter 5 is
relatively small, which can be ignored in the calculation.

J.1

Single-gate monolayer graphene device
In a single-gate graphene device, an applied gate voltage bias (Vb ) introduces a

potential diﬀerence across the gate dielectric and a change in the carrier density n
(= ntotal − n0 , where n is the mobile charge density in graphene tunable by gate
voltage, ntotal is the total/net charge density in graphene, and n0 is the ﬁxed charge
density induced in graphene by other extrinsic sources) and thus a shift of Fermi
level in graphene (Ef g ) [60]. In the ideal condition that the work function of gate
metal (Φm ) and graphene (Φg ) are the same, and there are no charge centers in gate
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Fig. J.1. Band diagrams of ideal single-gate graphene devices with the
same work function in metal gate and graphene. (a) Isolated components
of the metal-gate insulator-graphene system (no contact between the three
materials), with contact and (b) in equilibrium (Vb = 0), and (c) Vb =
ΔV1 + ΔV2 . Ef m and Ef g are the Fermi level of metal and graphene,
respectively. EDP is the Dirac point energy level. Evac is the vacuum
energy level. Φm and Φg,DP are the work function of metal and undoped
graphene, respectively. The work function of graphene (Φg = Evac − Ef g )
is gate-tunable. Φ0m is the energy diﬀerence between the conduction band
(CB) edge of the gate dielectric on the metal side and Ef m . Φ0g,DP is the
energy diﬀerence between CB edge of the dielectric on the graphene side and
EDP . Both Φ0m and Φ0g,DP are ﬁxed by the band structures (independent
of gating), and in this particular case (because EDP = Ef m ) we have Φ0m =
Φ0g,DP . Graphene is connected to the ground via metal contacts. The green
and purple vertical bars correspond to eΔV1 and eΔV2 (deﬁned in the text
below eq. J.1), respectively.

insulator and no extrinsic doping in graphene (n0 = 0), the potential diﬀerence due
to Vb is given by
Vb = ΔV1 (n) + ΔV2 (n),

(J.1)

where ΔV1 (n) = netox /ox o = ne/Cb is the voltage drop from the uniform electric ﬁeld across the gate dielectric caused by Vb , tox is the thickness of gate dielectric, ox is the gate dielectric constant, o is the vacuum dielectric permittivity,
and Cb is the gate dielectric capacitance per unit area and ΔV2 (n) = ΔEf g /e =
p
Ef g (n + n0 )/e − Ef g (n0 )/e = Ef g (n)/e = sgn(n)h̄ν F |n|π/e is the chemical potential
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change in graphene with respect to Dirac point and is associated with the quantum
capacitance (here h̄ is the reduced Planck’s constant and ν F is the Fermi velocity
of graphene). Note that n > 0 and n < 0 correspond to electron and hole doping
graphene, respectively. Equation J.1 then becomes
p
hν
¯ F |n|π
ne
Vb =
+ sgn(n)
.
e
Cb

(J.2)

Fig. J.2. Same as Fig. J.1, but in the situation that metal and graphene
have diﬀerent work functions (Φm 6= Φg ) and n0 = 0. (a) Before contact.
(b) Equilibrium (Vb = 0). In this particular instance,
p ΔV1,mg = ΔV1 (nmg ) =
nmg e/Cb and ΔV2,mg = ΔV2 (nmg ) = sgn(nmg )h̄νF |nmg |π/e, andΔV1,mg +
ΔV2,mg = (Φm − Φg )/e). nmg is the induced charge carrier density in
graphene because of the diﬀerence of metal-graphene work functions. With
contact and (c) Vb = ΔV3 < VDirac and (d) Vb = VDirac = ΔV1,mg +ΔV2,mg =
(Φm −Φg )/e. Since we assume no interfacial (extrinsic) charges, graphene is
neutral and there is no electric ﬁeld inside the insulator in this ﬂat band condition. The green, purple and orange vertical bars correspond to eΔV1,mg ,
eΔV2,mg , and eΔV3 , respectively.

In practical devices, we have diﬀerent metal and graphene work functions (see
Fig. J.2) and unintentional doping (n0 ) in graphene due to impurities, defects and
other extrinsic sources (see Fig. J.3). Therefore, an additional gate voltage must be
applied to bring the graphene device to charge neutral and eq. J.2 becomes
p
hν
¯ F |n|π
ne
Vb − VDirac =
+ sgn(n)
,
e
Cb

(J.3)
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where VDirac is the Dirac point voltage at which the graphene is charge neutral. Note
that eq. J.3 has similar form as in chapter 4 and Appendix D (eq. D.1), where we use a
side-gate (counter-electrode) for electrochemical gating. VDirac in the three examples
aforementioned and depicted in Figs. J.1 - J.3 is VDirac = 0 in the ideal device (Fig.
J.1), VDirac = (Φm − Φg,DP )/e in the example that the metal and graphene work
functions are diﬀerent (Fig. J.2), and VDirac = (Φm − Φg,DP )/e + V0 + Ef g (−n0 )/e
p
(where V0 = −n0 e/Cb , Ef g (−n0 ) = sgn(−n0 )h̄νF |n0 |π, and n0 is negative for pdoping in the case depicted in Fig. J.3) in the case of residual doping (n0 6= 0) in
graphene and diﬀerent metal-graphene work functions (Fig. J.3).

Fig. J.3. Same as Fig. J.2, in additional to diﬀerent work functions,
graphene is p-doped by extrinsic ﬁxed charges (with carrier density of n0 ,
which is negative for p-doping for the example drawn). (a) Before contact.
With contact and (b) in equilibrium (Vb √
= 0) and ΔV1,mg =
p ΔV1 (nmg ) =
nmg e/Cp
¯ F π(sgn(nmg + n0 ) |nmg + n0 | −
b and ΔV2,mg = ΔV2 (nmg ) = hν
sgn(n0 ) |n0 |)/e. With contact and (c) Vb = ΔV1,mg + ΔV2,mg = (Φm −
Φg )/e (under the ﬂat band condition, the electric ﬁeld inside the insulator
is zero) and (d) Vb = VDirac = (Φm − Φg )/e +pΔV0 + Ef g (−n0 )/e, where
ΔV0 = −n0 e/Cb and Ef g (−n0 ) = sgn(−n0 )h̄νF |n0 |π. Note that the (net)
potential change across the dielectric is ΔV0 +ΔV1 (n = nmg ), which is oﬀset
by the ﬁxed charges. The green and purple and orange vertical bars correspond to eΔV1,mg , eΔV2,mg , and Ef g (n0 ), respectively. The pink vertical
bar in (d) correspond to eΔV0 .
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J.1.1

Eﬀect of Quantum Capacitance in Single-Gate Monolayer Graphene

p
It has been reported that the QC (C Q ≈ 2e2 /¯
hνF ( n/π)) of slightly doped
graphene is larger than 2 µF/cm2 (for n  0) [268]. When the gate (geometric)
capacitance per unit of area is much smaller than CQ ≥ 2 µF/cm2 , the potential
changes across the gate dielectric and in graphene (ΔV1 + ΔV2 ) caused by a gate voltage is dominated by the former (see eq. J.2) and it is a good approximation to ignore
the contribution of graphene QC (the latter). For instance, the gate capacitances per
unit area for a ∼ 290 nm-thick SiO2 and a ∼ 20 nm-thick h-BN (usual thickness of
h-BN layers used in the transport study in chapter 5; a dielectric constant hBN ≈ 3 is
assumed) are ∼ 12 nF/cm2 and ∼ 133 nF/cm2 , respectively. We calculate the induced
charge carrier density (n) in graphene as a function of the gate voltage (which covers
the voltage range we used in our transport experiment) for the SiO2 and h-BN dielectric layers using both the simple parallel capacitance model (Vb − VDirac =

ne
;
Cb

orange

solid lines) and the capacitance model considering QC (eq. J.3; red solid lines), as
shown in Fig. J.4. There is no signiﬁcant deviation of carrier density estimated from
the two models, which is expected from the fact that the potential change across the
gate dielectric is dominated in the two cases.
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Fig. J.4. Calculated charge density (n) in graphene as a function of gate
voltage Vbg for (a) a 290 nm-thick SiO2 and (b) a 20 nm-thick h-BN. The
orange solid lines are calculated from the simple capacitance model, Vb −
VDirac = Cneb , whereas the red solid lines are calculated from eq. J.3. The
Cb for a 290 nm-thick SiO2 and a 20 nm-thick h-BN are 12 nF/cm2 and
133 nF/cm2 , respectively. Graphene is connected to the ground via metal
contacts.

J.2

Dual-gate twisted bilayer graphene device

J.2.1

Deﬁnition of n and D

Figure J.5(a) illustrates schematically the charging and capacitance model used
in the transport experiment in tBLG (see chapter 5), where the important quantities
are the applied gate voltages (VT G , VBG ), the geometric capacitances per unit of area
and corresponding dielectric constants of the gate dielectric (CT , T and CB , B ) and
of the graphene bilayers (CGG , GG ), the electric ﬁeld between the top-gate electrode
and upper graphene layer (ET ), the electric ﬁeld between the back-gate electrode and
lower graphene layer (EB ), the electric ﬁeld between the twisted bilayers (EGG ), the
charge densities of the gate electrodes (nT , nB ), and the gate-induced charge densities
of the upper and lower graphene layers (nU , nL ). When a ﬁnite initial carrier density
exists (noU,L or equivalently a Fermi level away from the Dirac point), the charge

184
density of the graphene layers will be oﬀset and total carrier density in each graphene
o
layer ntotal
U,L = nU,L + nU,L , similar to the case in monolayer graphene. The graphene

bilayers are connected to the ground via a metal contact, therefore in equilibrium the
Fermi level of the two graphene layers and two gate metals is aligned (Note that the
Fermi energy with respect to the Dirac point in each layer can be diﬀerent if there is
an interlayer potential diﬀerence; see ref. [121] for more details).

Fig. J.5. (a) Schematic of the charging and capacitance model used in
the transport study of tBLG with dual-gates. Both the graphene layers
are connected to the ground through a metal contact. Some important
parameters are labeled and discussed in text. (b) Sketch of enlarged tBLG
in (a) with an interlayer separation (dGG ), showing the net displacement
ﬁeld (DGG ) between the graphene layers and the screening ﬁeld (DS ) due
to the charge imbalance between the layers. The direction of DS is opposite
to both DGG and average displacement ﬁeld (D which is applied via the
top- and back-gates).

By considering the two Gaussian surfaces (marked by green dashed line rectangle
and red dashed line rectangle) in Fig. J.5, one can obtain the following equations.
o T ET − o GG EGG = −entotal
,
U

(J.4)

DT − DGG = −entotal
,
U

(J.5)
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o GG EGG − o B EB = −entotal
,
L

(J.6)

DGG − DB = −entotal
,
L

(J.7)

where DT = o T ET , DB = o B EB , and DGG = o GG EGG are the displacement
ﬁelds associated with ET , EB , and EGG , respectively. The minus signs in the right
hand side of eqs. J.4, J.6 are added because we deﬁne that nU and nL are positive
(negative) for electron- (hole-) doped case. In other words, eqs. J.5 and J.7 describe
mathematically the diﬀerence of displacement ﬁelds and the associated free charges
in each graphene layer. DGG can be rewritten in terms of DB , DT , ntotal
and nUtotal .
L
DGG =

DB + DT
e
− nUtotal ).
− (ntotal
2
2 L

(J.8)

The ﬁrst term ( DB +2DT ) in eq. J.8 is the average displacement ﬁeld (related to the
top-gate and back-gate voltages). The second term in eq. J.8 is ascribed to the
screening ﬁeld (DS ) caused by the charge imbalance between the graphene layers.
Figure J.5(b) summarizes pictorially the three displacement ﬁelds as discussed.
Moreover, the summation of eqs. J.5 and J.7 gives the total carrier density in the
graphene bilayers, ntotal = ntotal
+ nLtotal (eq. J.9).
U
DB − DT
= nUtotal + nLtotal = ntotal .
e

(J.9)

When we apply VT G and VBG simultaneously, there are two equations that we can
derive from the relations between the top-gate (bottom-gate) and the graphene layers
with a form similar to eq. J.3: [269]
VT G − VToG = ΔVT G = −

µU
enT
+
,
CT
e

(J.10)

o
VBG − VBG
= ΔVBG = −

enB µL
+
,
CB
e

(J.11)

o
where (VToG , VBG
) are the gate voltages when both the upper and lower graphene are
p
p
charge neutral, µU = sgn(nU )h̄νF |nU |π and µL = sgn(nL )h̄νF |nL |π are the Fermi
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energy of the upper and lower graphene layers with respect to their Dirac points,
respectively. The minus signs in front of the capacitance terms retain positive nT,B
for electron and negative nT,B for hole. For example, a positive ΔVT G results in
electrons accumulated (n > 0) on the graphene side and holes accumulated (n < 0)
on the metal side. To connect eqs. J.10 and J.11 to eqs J.8 and J.9, we need the
relations between DT and nT and between DB and nB . One can obtain these relations
by considering a Gaussian surface at the interface between the top-gate (back-gate)
electrode and top-gate (back-gate) dielectric (because of no charges within the interior
of metal).
DT = enT ,

(J.12)

DB = −enB .

(J.13)

Then eqs. J.10 and J.11 can be rewritten in terms of DT and DB :
µU
),
e
µL
DB = CB (ΔVBG −
),
e

− DT = CT (ΔVT G −

(J.14)
(J.15)

Next, we substitute eqs. J.14 and J.15 into eqs. J.8 and J.9.
DGG =

CB ΔVBG − CT ΔVT G
1
e
− (CB µL − CT µU ) − (ntotal
− nUtotal ),
2
2e
2 L
ntotal =

1
CB ΔVBG + CT ΔVT G
− 2 (CB µL + CT µU ).
e
e

(J.16)
(J.17)

The average displacement ﬁeld D is now written as
D=

CB ΔVBG − CT ΔVT G
1
− (CB µL − CT µU ).
2
2e

(J.18)

On the basis of similar argument as in single-gate graphene (section J.1.1), it
is a good approximation even we ignore the second term (related to the QC of the
two graphene layers) in the eqs. J.17 and J.18 for ntotal and D. We therefore have
the following two simple equations (when both CT and CB are much lower than
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CQ ≥ 2µF/cm2 ; here we assume that the QC of tBLG is similar to that of monolayer
graphene) used in chapter 5:
ntotal =
D=

J.3

CB ΔVBG + CT ΔVT G
,
e

CB ΔVBG − CT ΔVT G
.
2

(J.19)
(J.20)

Eﬀect of Quantum Capacitance on Analyzing Landau Level Crossings
To further verify that eqs. J.19 and J.20 are good approximation in our study,

we estimate the interlayer capacitance per unit area (CGG = o GG /dGG ; dGG = 0.34
nm being the interlayer spacing between the two graphene layers) using the complete
form of D, eq. J.18. At a Landau level (LL) crossing, the LL energy of the lower layer
with index NL and the upper layer with index NU provides measures of µL = ENL and
µU = ENU . In addition to µL and µU , we can follow the same procedure described
in chapter 5, section 5.6.4 to estimate CGG . Figure J.6 shows the comparison of CGG
calculated by the two diﬀerent equations for D (eqs. J.20 (ignoring QC) and J.18
(considering QC)) and the CGG are extracted from several LL crossings studied. We
see that the diﬀerence (0.2 µF/cm2 ) of the average CGG (17.4 µF/cm2 from eq. J.18
and 17.2 µF/cm2 from eq. J.20) is even smaller than the tolerance (∼ 0.5 µF/cm2 ) of
the calculation.
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Fig. J.6. Comparison of the CGG and GG extracted from several LL crossings studied (see Fig. 5.13 in chapter 5). Data marked by the red solid dots
represent calculations based on the simple form for D (eq. J.20), while data
marked by the blue solid squares represent the complete form for D (eq.
J.18) used instead.
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